AD/A-001 604

EVALUATION OF THE RELIABILITY AND SENSITIVITY OF
NDT METHODS FOR TITANIUM ALLOYS

McDonNNELL AIRCRAFT COMPANY

PREPARED FOR
A1r FORCE MATERIALS LABORATORY

E June 1974

DISTRIBUTED BY:

| | m
3
I

o National Technica! Information Seivice
o U. S. DEPARTMENT OF COMMERCE
|




TR s S L ST AL L T e Rt O TR R I R
< AN AT Y PN . B

NOTICE

When Government drawings, specifications, or other data
are used for any purpose other than in connection with

a definitely related Government procurement operation,

the United States Government thereby incurs no

responsibility nor any obligation whatsoever; and the

fact that the government may have formulated, furnished,

or in any way supplied the said drawings, specifications,
or other data, is not to be regarded by implication or
otherwise as in any manner licensing the holder or any

other person or corporation, or gonveying any rights or

permission to manufacture, usg/, or sell any patented

inventioh'fhat“méy,iﬁwéﬁy{ ay be reiated thereto.

P .

! By _
N D308 WALy neney

ot

|
f H
|

P ———— .

R

Copies of this report should not be returned unless
return is required by security considerations, contractual
obligations, or notice on a specific document.

AIR FORCE/56780/15 November 1974 — 460




A M Mt ramn b b by s ANt o s L ey A AN TR SR eur T AT, CEDWREN T L N AL e

Unclassified
Security Classification M-_@O/ 604

DOCUMENT CONTROL DATA-R&D

(Security claasitication ol title, body cf abstract and indexing annotation must be antered when the overall tepoct la classliind)

g 1. ORIGINATING ACTIVITY (Corporete author) 8. REPORT SECURITY CLASS. FICATION
McDonnell Aircraft Co. Unclassified
St. Louis, Mo. 63166 2b. GROUP

3. REPORT TITLE

g Evaluation of the Reliability and Sensitivity of NDT Methods for itanium Alloys

4. OESCRIPTIVE NOTKS (Type of report and inclusive dates)
Final Report, 1 May 1972 to 31 January 1974

8. AUTHORI(S) (Firet name, middie initial, lasi! name)

Robert J. Lord

6. REPORT DATE 78, TOTAL NO. OF PAGES 7b. NO. OF REFS
June 1974 R 3
88, CONTRACT OR GRANT NO. 94, ORIGINATOR'S R {PORT NUMBJIRI(S)
F33615-72-C-1203 AFML-TR-73-107 Vol II
b, PROJECY NO.
7351
‘l . 8b, OTHER REPORT NOU3) (Any othet numberas that may be assigned
i thia report)
%; j d,
R -

10. DISTRIBUTION STATEMENT

i Approved for public release; distribution unlimited PRICES SUBJ T TO (‘HANOE

v
? ) 11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Alr Force Materials Laboratory
Wright-Patterson AFB, Ohlo 45433

13. ABSTRACT

The program objectives were to improve and to measure the detection capability of the
penetrant, ulivasonic, x-ray and eddy current methods. Several penetrant inspection
purameters were investigated. The minimum penetrant dwell time required to detect a
variety of discontinuities was found to be 10 minutes for water washable fluorescent
penetrant and 20 minutes for post—emulsifiable fluorescent penetrant. The minimum
penetrant bleed-out time was 5 minutes for each. Eifther dry powder and nonaqueocus
wet developer was found to be most effective. In ultrasonic inspection, contour
sound entry surfaces significantly affected inspection for radil of curvature up to

4 inches. Near surface resolution was found to be affected by test frequency and
gsound entry surface condition. It was also found that a significant difference in

' sound transmission characteristics can exist between the part to be inspected an-

‘ the reference standard used when inspecting titanium bar, plate, and forgings In

: radiography, penecrameters do not provide for a cousistent indication of the quality
) of a particular radlograph with the present thickness tolerances. During the

) detection capability portion of the program, it was determined that surface cracks

‘. with lengths of approxdmately 0.050 to 0.10 inch can be detected with a high probabi-
( lity in a production penetrant inspection. The probability of detection can be 3
substantially increased by following a production penetrant inspection with a :

|
production surface wave and angle beam inspection. Also, the effectiveness of ultra- 3
seniec inspection of titanium ingot, billet, and forgings can be increased by using i
the shear wave as well as the longitudinal wave mode. The ultrasonic method was ]

effective in deteccing Type I alpha stabilized defects in titanium ingot and billet ad

DD |FN°oR\:d.u1473 N

/ ) Security Claussification - P

Feeprodu e by
NATIONAL TECHINIC AL k
INFORMATION SFRVICT :
[ Lh-p.nhm-n! [N AN TITIITTIN o k

IR R T N R VAR N




0
3
N
’
;
r

Unclassified
Security Classification

et e A s

KEY WORDS

LINK A

LINK 8

LINK C

ROLE WY

ROLE WwT

ROLE

Nondestructive Testing

Titanium Alloys

Structural and Engine Components
Reliability

e

Security Classification

#U.S.Government Printing Oftice: 1974 — 657-0.5/196




e g oo s B R s 4t A O AT P A1 Y i 2220

et e e e e et

EVALUATION OF THE RELIABILITY AND SENSITIVITY OF
NDT METHODS FOR TITANIUM ALLCYS

Robert J. Lord

Approved for public release; distribution unlimited




15 SR PR AR

TR

S

T

o -2

R R e

e T N e R BT

b bbb L aia s . e e vam— AT AT Y ¢

FOREWORD

This Final Technical Report covers work performed under Contract
F33615-72-C-1203 from 1 May 1972 to 31 January 1974. The work performed
during the period 1 May 1972 to 28 February 1973 has previously been
documented in AFML-TR-73-107. The work was performed under the direction
of the Air Force Materials Laboratory, Wright-Patterson Air Force Bace,
Ohio, with Mr. James Holloway (AFML/LLP) as Project Engineer.

The work was performed by the McDennell Aircraft Company, McDonnell
Douglas Corporation, St. Louis, Missouri, with the Aircraft Engine Group
of the General Electric Company, Evendale, Ohio, acting as major subcon-
tractor for the program. Mr. R. J. Juergens of McDonnell Aircraft Coupany
is the Progrsm Manager. Mr., R. J. lord of McDonnell Aircraft Company is
the Principai Investigator of the program and Mr. H. Truwcott of General
Electric Company is the Principal Investigator for the engine portlion of the
progranm,

All of the items compared in this report were commercial items that
were not developed or manufactured to meet Government specifications, to
wittstand the testa to which they were subjected, or to operate as applied
during this study. Any failure to meet the objectives of this study is no
reflection on any of the commercial items discussed herein or on any manu-

facturer.
This report was submitted by the author in March 1974.

This technical report has been reviewed and is approved for publication.

\‘, ﬂ
James A, Holloway ggi

oject Engineer, Mechénical Physics Branch
Metals and Ceramics Division
Alr Force Materials Laboratory

Dr. H. M, Burte
Chief, Mstals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

This report describes the work conducted on a program designed to
improve nondestructive testing techniques and, then, to evaluahte the capa-
bility and reproducibility of the improved nondestructive testing techniques
for the evaluation of discontinuities occurring in titanium. Reported are ;
penetrant dwell times, penetrant bleed-out times, developer types, emulsi- ?
fication times, and water washing parameters required to effectively pene~
trant inspect parts wl.ich may contain a variety of crack sizes and porosity.
Both post-emulsifiable and water washable fluorescent penetranhts were
investigated. The effect of kilovoltage on radiographic contrast sensitivity
is discusgsed. Ultrasonic inspection of contour surfaces is reported and
methods for improving near-surface resolution are documented. Methods for
ultrasonic inspection of thin machined parts are reported. A full scale
Ti-6A1-4V ingot was melted in a manner to intentionally produce stabilized
alpna defects. Documented are the details of the ingot melting and con-
version to billet, bar, and plate. Results of ultrasonic and radiographic
inspections of the ingot and billets are reported. A study to determine
the detection capability of various nondestructive testing methods was
carried out. The capability of penetrant, ultrasonic, radiographic, and
eddy current inspections to detect surface cracks, internal cracks, porosity,
and alpha stabilized defects are documented.
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SECTION I

SUMMARY

The results of the testing reported herein have emphasized the importance of
controlling the significant parameters which mmake up each nondestructive testing
(NDT) method. In order to effectively inspect titanium by penetrant inspection,
the penetrant dwell time, development time, water washing conditions, and inspec-
tion light intensity must all be chosen to effectively enhance the defect detec-
tion capability of this method. Ultrasonic jnspection of titanium was found to
be affected by the internal structure snd the physical configuration of the
particular component undergoing inspection. Characteristics of the component
such as surface finish, surface contrur, section thickness, and internai struc-
ture can 21) sffect the ultrasonic ...gpection.

The capability of the NDT wmethods for detecting flaws which occur in
titanium was found to vary as a function of the chosen inspection method, the
ingpector, and the flaw size. Exceedingly small surface cracks could be detected
with production ultrasonic and penetrant inspections but not to a high degree of
reliability. The capability of the ultrasonic method for detecting internal
cracks in thick sections was found to be highly dependent upon the orientation
of the crack with respect to the sound beam. Small cracks oriented perpeadicular
to the sound besm can be detected, but, if the crack is oriented 45 degrees to
the szound beam, large cracks can go undetected. With this knowledge, production
parts cau be more effectively inspected, knowing the likely orientation of
expected flaws and the most critical flaw orientations. For thin sections, the
orientation of the flaw was found to have less effect.

Titanium melt defects, such as Type I alpha stabilized areas, are detectable
using production ultrasonic techniques, but, radiography seems tc be ineffective.
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SECTION II
INTRODUCTICN

The performance demands placed upon present day military aircraft are
stringent. Advancements in the area of nondestructive testing (NDT) which
parallel new developments in manufacturing technology can result in signifi-
cant payoff. Improvements in the detection and evaluation of titanium
defects by NDT can be made which can result in improved integrity and reli-
ability of airframe and engine components.

The primary objectives of the program, then, were to improve nonde-
structive testing techniques which is discussed in Section III and to
measure the capability and reproducibility of the improved nondestructive
‘ testing techniques for the evaluation of discontinuities occurring in
| titanium which i Jiscussed in Section V of this report. In addition,
it was intended wo document NDT techniques presently used in industry and
their shortcomings.

The program was conducted using NDT methods and discontinuity types
encountered in inspection of airframe and jet engine components. The NDT
nethods used were ultrasonics, penetrant, X-ray, and eddy current. Discon-
tinuities which might occur in titanium components originate from two general
sources., One source is associated with raw materials and ingot melting and
includes discontinuities such as ingot pipe and alpha stabilized areas.
Another source is component fabrication and includes discontinuities such
as surface cracks, internal cracks, and porosity., All of the above disconti-
nuities were utilized throughout the program.

The penetrant, radiographic, and ultrasonic methods were improved as
discussed in subsections 1, 2 and 3 of Section III of this report. After
the NDT improvement portion of the program was completed, the capability
and reproducibility of the NDT methods were measured with respect to
surface cracks, porosity, internal cracks, and segregates as reported
in subsections 1, 2, 3, 4, 5, 6, and 7 of Section V of this report. The
evaluation was divided into airframe and jet engine inspections with
g laboratory, production, and overhaul inspections being included. Product
; forms inspected included bar, plate, and airframe and jet engine forgings.
Following the nondestructive testing, the actual size of the discontin-
uities was measured using selected destructive techniques such as uetal-
lography. (See subsection 8 of Section V).
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SECTION III

IMPROVEMENT OF NONDESTRUCTIVE TESTING TECHNIQUES

A great deal needs to be learned about the variables of conventional
NDT methods with »egard to inspection of titanium hardware. The effect
of several factors, such as complex shapes encountered, is not sufficiently
understood at this time. Also, Lhe effect of surface structure upon an
effective inspection needs investigation. The NDT methods commonly uced
for inspection of titanium hardware are ultrasonics, penetrant, X-ray,
and eddy current. Although these NDT methods are considered established
S only limited work has been performed in investigating the pioduction
P process variables of' the NDT methods as relate’ to detection of discon-
’ tinuities in real components.

[

4

F 1. PENETRANT METHOD
A

p Penetrant inspection is heavily relied upon in the aircraft industry

- for the detection of surface connected discontinuities. For many aircraft

' components, penetrant inspection is the last inspection method used on

the finish machined part prior to its installation in the aircraft. 1In

some cases, it is the only inspection method used. Consequently, penetrant
inspection is the final means used to guarantee that the subject compconent is
"Sef'ect free". The penetrant method is of major importance in ensuring

the integrity of titanium components.

In general, a penetrant inspection consists of:
(1) Preparation of the surfaces to be inspected

{2) Drying of the inspection surface

(3) Application of the penetrant
Ex (4) Removal of excess penetrant

(5) Examination of the inspection surface.

the penetrant entering the discontinuities and re-emerging for visual inspec-
tion. Any pre-penetrant process or any penetrant inspeciion variable which
reduces penetration and re-emergence of the penetrant can potentially reduce

N the effectiveness of the inspection. one of the factors which can affect the
i : reliability and resolution limits of the inspection are:

]
&f The effectiveness of the penetrant inspection is entirely dependent upon

(1) The effectiveness of the drying procedure prior to application of
£ peneilrant.

(2) The use or non-use of a developer

{3) The dwell time of the penetrant, emulsifier, and developer (if used).
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3 () Viewing ultraviolet light irtensity versus ambient white light
intensity.

i (5) The type of developer used (dry, nonaqueous wet, or aqueous wet)

(6) The technique used to remove excess peneSrant

! (7) Mechaaical processing, such as shot peening, performed upon the
' inspection surface prior to the penetrant inspection.

(8) The proficiency of the jnspector

A test vrogram was conducted in order to study several of the punetrant
inspection variables. Doth gross cracks and small cracks were used in the
, program to measure the effect of such variables as penetrant dwell time and
i developer type.

a. Penetrant Systems

A large number of penetrant material systems are present’y marketed
and used throughout the airframe and engine industries. These systems
are characterized as color contrast (visible) dye penetrants (solvent
removable and water washable) of several sensitivities, and fluorescent
penetrants (solvent removable, water washable, and post-emulsifiable) of
several sensitivities. The scope of the program to improve the penetrant
method encompassed two penetrant systems which are considered representa-
tive of the systems in common use today. The chosen systems are:

Penetrant Type Sensitivity Manufacturer's Designation
Fluorescent MIL-7.-25135, Group V Magnaflux ZL-2A penetrant,

Post--Emulsifiable when used with developer ZE-3 emulsifier, ZPX-U37 non-
aqueous wet developer, ZP-k
dry powder developer, and
ZP-13 aqueous developer

Fluorescent Water Equivalent to MIL-I- Tracer-Tech P~133 penetrant,
Washable 25135, Group VI pene- DL9Y9C nonaqueous wet developer,
trant when used with DLY3A dry developer, DL92C
a devcioper aqueous developer

b. Opecimen Fabrication

In a typical production penetrant inspection facility, a variety of
crack sizes are encountered. Corsequently, if a program is to be con-
; . ducted on penetrant inspection variables, a variety of crack sizes
g should be used. Both gross cracks and small cracks were used in the
study reported here.
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(1) Specimens with Tight Cracks

Ti-6A1-LV blanks, 1/b x 2 x 5 inches, were cut to size and
ground on one side. The blanks were ground to approximately 32 rms
using a 60 grit wheel (12 inch diameter x 1 inch wide}, 2,000 rpm
wheel gspeed, .002 to .003 inch downfeed, and approximately .100
inch crossfeed per poss. The workpiece was flooded with coolant
during the process. After grinding, the specimens were bent in a
Pixture, as shown in Pigure 1, to approximately 25% yield strength.
The bent specimens were wetted with methanol and NaCl was applicd
such that NaCl adhered Lo the specimen suvface. The stressed
specimens were lowered into an anhydrous methanol-NaCl solution
and vemained immersed until cracking occured in a few hours.

FIGURE 1
FIXTURE FOR STRESSIMG SPECIMENS

GP24 0117 148

() opecimens witl tross Cracks

Biank:, 1/4 x 1 x 6 inches, were cut from Ti-6A1-4V and a saw-
cut notch was put into the 1/4 x 6 inch face to serve as a ~rack
initiation site. Each specimen was cantilevered in a shaker table
with a mass of 239 grams added near the free end and was vibrated
at its resonant frequency (approximately 550 Hz). The crack growth
was monitored optically until ihe desired crack length (1/4 to 1/2
inch) was obtsined. The test set-up is shown in Figure 2. The
resulting cracks were propagated through the 1/4 inch thickness and
1/4 to 1/2 inch into the 1 x 6 face {ses Figure 2). The surface
finish on the specimens was approximately 32 mms.
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FIGURE 2
SHAKER TABLE TEST SET-UP




(3) Porosity Specimens
Several hand forged billets (Ti-6A1-6V-2Sn) containing porosity

have Yeen collected during past internal programs. The porosity

is depicted in Figure 3. Sections 1/4 inch thick were cut from the

billets, ground flat and etched, for use in the penetrant investiga-

tion.
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FIGURE 3
’ POROSITY IN 4AND FORGED BILLETS OP14-0117 148

Photomicrographs ot typical tight cracks, gross cracks, and
. porosity are shown in Figures 4 and 5. As can be seen in Figure
) 4, a wide range of crack sizes are represented by the tight cracks
X _ and gross cracks. The gross cracks had widths at the surface of
E, _ approximately .00l inch and depths of 0.25 and 0.50 inch. Cracks

of this size are among those which have been encountered in pro-
duction processes, For example, rolling cracks have been encountered
with widths of approximately .00L inch. The width of the tight
ceracks (at the surface) varied from .00016 to 0002 inch and the
crack depth varied from .007 to .060 inch. Cracks this size have
ulso been encountered in production processes such as forming. As

éi shown in Iigure 5, the porosity size varied considerably. The
i diameter of several pores was measured at high magnification and
i found to vary from .0005% to .QOT75 inch; the depths varied from .00P

. to .019 inch.
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FIGURE 4
PHOTOMICROGRAPHS OF STRESS CORROSION CRACKS AND
SHAKER TASBLE PRODUCED CRACKS

¢. Pre-Penetrant Drying

I the normal penetrant inspection sequence, the inspection surface
is cleaned and dried prior to applying the penetrant. The purpose of
the drying operation is to remove residual water and cleaning solution
which may have become entrapped in the discontinuities. A number of
drying procedures are commonly used in industrial production penetrant
inspection systems.

Several drying methuas were evaluated and compared to oven drying
for 10 minntes at 225°8" which was chosen as a typical adequate drying
procedurc. A flow chart is shown in FPigure 6 to summarize the test
program. It should be noted that the same production cleaning method
was used throughout the drying study.

B (1) Water Washable FPenetrant Systom

5 A high sensitivity fluorescent water washable penetrant was

' chosen for the investigation. Tracer-Tech P-133 penetrant, equiva-
: lept in sensitivity to a MIL-I1-25135, Group V penetrant, was used

] along with Tracer~-Tech DUIOC nonaqueous wet developer.
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Oven Dry - Penetrant Clean Oven Dry -

q 10 ;nzi:g::es at «r—_" Inspﬂcl — & — 25 ;n]lgg::es at

OVGQ Dry - Clean Penetrant
=t 40 minutes |« A <+ Inspect

at 152°F

Clean Penstrant
Inspect

Air Dry - Air Dry -
60 minutes | Penetrant | Clean 17 Hours Penetrant
‘ at Room Inspect at Room Inspect

Temperature Temperature

2.
KA

Vapor degrease tor 16 hours to remove residual penatrant toliowed by norimal production cleaning (alkaline clean
followed by acid pickie to remove 0.00006 inch and watar rinsel.

FIGURE 6
PRE-PENETRANT DRYING TEST PROGRAM

QP74 0117 143

“ Seven gross cracks (approximately .00l inch wide x .25 inch
long) were used to studv each drying condition. The specimens were
X completely ilmmersed during penetrant dwell (10 minutes). Excess
2 penetrant was washed from the specimens using a water spray nozzle;
the wash water temperature was approximately 90°F and the wash
water pressure was approximately 40 psi, Rach specimen was washed
until the specimen surface was visually clean under 200 misrowatts
per cm@ of ultraviolet light (approximetcly 15 seconds). Next, {
Lhe specimens were placed in a circulscicg air oven at 1T0°F and
dried until vicually dry {(1%5-20 minutes). Nonaqueous wet developer
was applied to the cracks. After a development time of 15 minutes,
| the penctrant indications were photographed using Bhe follnwing
s parsacters:  approximately 1,000 microwatis per em™ of ultravielet
i light, 25 second exposure at £9, Royal Fan Film, Tiffen Yellow No.
D filter.  An Ultraviolet Products, lune. spot ultraviolet light wes
used to produce the ultraviolet lighi. Fach drying procedurc was
compared Lo oven drying at 225°F for 10 minutes by directly
comparing the photographs of the penetrant indications. The ullra-
violel light{ intensity was mecasurcd with an Ultraviolet Products,
Inc. UV Black-Ruy meter, Model J221.
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There appeared to be little difference between the various
pre-penetrant drying methods used on the gross cracks. Presumably,
these cracks were so large that entrapment of small quantities of
water or cleaning solution did not effectively reduce the penetra-
tion of the penetrant into the cracks.

i (2) Post~Emulsifiable Penetrant System

p The effect of pre-penetrant drying was also investigated for
4 a post-emulsifiable penetrant system. A MIL-I-25135, Group V

ﬁt fluorescent penetrant system was chosen for ine investigation.

ho Specifically, Magnuflux ZIL-2A penetrant was used with Magnaflux

¥ ZPX-~U457 nonaqueous wet developer. The excess penetrant was removed
' using Magnaflux ZR-10 remover at a concentration of 0.5 volume
percent. The ZR-10 was metered into the water stream with a FMI
Lab Pump, Model RRP.

As for the water washable system, gross cracks (approximately
.00l inch wide x .25 inch long) were used as discontinuities. The
specimens were alkaline cleaned, acid etched, and water rinsed
followed by the applicable pre=-penetrant drying method. The
following drying methods were investigated: oven dry at 225°F for
10 minutes, 17%°F for 25 minutes, and 150°F for 40 minutes and
air dry at room temperature for 60 minutes. The penetrant dwell
y time was 20 minutes and the development time was 1% mirmtes. All
§ other inspection parameters were as for the water washable penetrant.

{ The three oven dry schedules appeared to be more effective than
did air drying at room tempersture for 60 minutes. However, the
crack indications were all visible for all the corditions. There
was little difference in the effectiveness of the 3 oven drying
methods.

d. Penetrant Blecd-Out Time

An important variable in the penetrant inspection process is the
length of time that the penetrant is allowed to bleed out of the dis-
continuity after the excess penetrant has been removed and prior to
the actual ingpectivii. If the penetrant is not given enough time to
bleed out of the discontinuity, the subsequent penetrant indication may
not attain maximum brilliance. In order to investigate penetrant
: ; bleed-out times, an investigation was carried out for both a water
E : washable fluorescent penetrant system and s post-emulsifiable fluorescent

i TLE A T e T £

penetrant system.
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(1) Post-Emulsifiable Penetrant System

A MIL-I-25135, Group V fluorescent penetrant system was chosen
for the investigation. S8pecifically, Magnaflux ZL~2A penetrant was
used with Magnaflux ZE-3 emulsifier. The penetrant was used with
Magnaflux ZPX-437 nonaqueous wet developer, with Magnaflux ZP-k dry
developer, and with Magnaflux ZP-13 aqueous wet developer in order
to determine the effect of various developer types on the results.
In addition, the penetrant was used without a developer although
this system was not a MIL-I-2513%, Group V system.

As can be seen from the Figure 7 test plan, the penetrant
bleed-out times were evaluated by photographing the penctrant indi-
cations after the penetrant was allowed to bleed cut of the discon-
tinuities for 1, 5, 10, 15, 20, and 30 minutes. "Then the photographs
were visually compared to determine the penetrant bleed-out time
required for the indications to achieve their maximum br)llance,
After the completion of the test plan shown in Figure 7, the entire
program was repeated for penetrant dwell times of 10, 20, and 30
minutes and for nonagueous wet developer, aqueous developer, and
no developer. The dwell times were chosen based on Lhe MIL-I-6866B
dwell time requirement of 20 to 30 minutes for post-emulsifiable
penetrants.

As shown in Figure 8, it was decided to clean the residual
penetrant from the specimens between tests by trichlerethylene
vapor degreasing for 16 hours. In order to demonstrate the effec-
tiveness of vapor degreasing between penetrant inspections, a speci-
imen with tight cracks and a specimen with a gross crack were pene-
trant inspected, vapor degreased for 16 hours, and developer was
applied to the surface. As shown in Figure 8, no penctrant
indications were visible after 6 hours of development time. Trich-
lorethylene vapor degreasing is not normally recommended for clean-
ing titarnium production parts because the presence of residual
chlorine can cause cracking under the siresses and elevated tempera-
tures a part enccunters during service. Since the c¢racked panels
used in this investigalion were noi subjected to stress, no further
cracking of the panels was expected.

Specimens containing gross cracks (approximately .001 inch wide
X .25 inch long) and small cracks (approximately .0002 inch wide x
.007 to .060 inch long) were used in the evaluation as well as
porceity specimens. The specimens were completely immersed in the
penetrant during the applicable penetrant dwell. Excess penetrant
was washed from the specimens using a Tri-Con U00501 water spray
nozzle after emulsification for 1 minute; the wash water temperature
was approximately 90°F and the wash water pressure was approximately
L0 psi. FEach specimen was washed until the specimen surface was
visually clean under 200 microwatts/cm@ of uliraviolet light (approxi-
mately 15 seconds). Next, the specimens were dried until visually
dAry (10-15 minutes) in a circuwlating air oven at 170°F. 'The concen-
tration of the aqueous wet developer, when used, was 1/2 pound por

12
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Apply Penetrant for 5 minutes

v

Emulsify for 1 min
Wash Exceass Pene*rant, and Oven Dry |

v

Apply Dry Developer

v

Photograph Indications
After Various Bieed-Qut Times

‘

1 min 5 min 10 min 1B min] [20min] [30 min]

Vapor Uegrease for 1€ Hours

v

-
.
.

Note: This process was repeatad for penetrant dwaell timaes of 130, 20, and 30 minutes and for
nonaqueous wet developer, aqueous developer, and no developer

FIGURE 7 QP74.0117-140
TEST PLAN FOR PENETRANT BLEED-OUT TIME STUDY
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gallon. After the appropriate bleed-out times, the penetrant
indications were phetographed using the following parameters:
approximately 1000 microwatts per em? of ultraviolet light, 25
second exposure at f9, Royal Pan Film, Tiffen yellow No. 2
filter.

The results of the penetrant bleed-out time study as A
function of discontinuity type, developer type, and penetrant
dwell time are summarized in Table I and demonstrated in Figure
9. For the gross cracks and the porosity, no improvement in the
penetrant indications was realized by increasing the penetrant
bleed-out time above 1 minute. For several smaller, tighter
cracks, the minimum penetrant bleed-out time varied from 1 to 15
minutes depending upon the developer used and the penetrant dwell
time chosen.

Table 1 indicates that the penetrant bleed-out time should be at
at least 1 minute for the most effective penetrant inspection
except for small, tight cracks where at least 15 minutes is neces-
sary. Of course, the penetrant/developer combinations listed in
Table 1 are not equivalent in effectiveness even when the pene-
trant bleed-out times are numerically equivalendi.

As previously mentioned, the study was performed on 2 pene-
trant systems and 3 discontinuity types. Consequently, this data
on penetrant bleed-out time should be considered as only a guide to
choosing adequate bleed-out Limes in & production inspecticn environ-
ment. Jor example. a longer bleed-out time might be necessary if
the test parts to be inspected contain tighter, smaller cracks than
thoge investigated in this program or if the test parts are not as
clean as those investigaled in the program.

(2) Water Washable Penetrant System

A high-seusitivity fluorescent waier washable penetrant was
chosen for the investigation. 8Specifically, Tracer=Tech P-133
penetrant was used, which is eouivalent in sensitivity to a MIL-I-
2513%, Group V penetrant when uied without developer. ‘'he pene-
trant was used without a developer, with Tracer-Tech DLO9C nonaqueous
wet developer, with Tracer-Tech DUO3A dry developer, and with
'racer-Tech DhY2C aqueous wet ceveloper (1/2 pound per gallon)
in order to determine the effest of various developer Lypes on
the results. The use of a developer increases the gensitivity
of Lhe systoem Lo that of a Group V1 systoem.

Specimens coutaining tight and gross eracks were usod in the
evaluslion as well as porosity specimens.  'The specimens were com-—
pletely immecsed in the penclrant during the applicuble penetrant
dwell.  Bxecss penetrant was washed from the specimens using a
Pri-Con h00%0L walor spray nozzle; the wash witer temperaturce wos
approximately 90°F and Lhe wash wiler proessure was approximaboly

|
|
|
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TABLE 1
MINIMUM BLEED-OUT TIME FOR POST-EMULSIFIABLE SYSTEM /A\

Gross Cracks

L R e L T

t Minimum Biged-Out Time (Min)
|
\ 'I Developer Penatrant Dwell Time
! { 5 Min 10 Min 20 Min
None 1 1 1
Nonaqueous Wet 1 1 1
Dry 1 1 1
Aqueous Wet 1 1 1
Porosity
: Minimum Bleed-Out Time (Min)
i\ ' Developer Penetrant Dwell Time
j K Min 10 Min 20 Min
! None i 1 1
[ Nonagueous Wet 1 1 1
i Dry 1 1 1
i Aqueous Wet 1 i 1
|
3 |

Smaller, Tighter Cracks

Minimum Bleed-Out Time (Min)

amulsiticatlon time

'; Developar Panetrant Dwell Time
: 5 Min 10 Min 20 Min
1
s ! None 1 1 1
2 : Nonagueous Wot 1 1 1
Dry 115 /A | 115 /2 15 /A
!s Agueous Wet 1 i 1

A MIL-1-255135, Group V post-amulsifiable penstrant, 1 minute

One minute bleed-out was sufficient for most cracks but o fongor
time was reguired for o fow simall cracks

16

ar’4 0V17 181




SR RS S U X R ETIT TR IT T e e Y T T T W T Y Y e S R g T Y ey ey e ey

Penetrant Dwell Time = 10 min
Specimen 19SC

1 min Bleed-Out Time 15 min Bleed-Out Time

GPia 17 150

FIGURE 9
EFFECT OF PENETRANT BLEED-OUT T!ME
Post-Emulsifiable Penetrant System with Dry Powder Developer
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40 psi. Each specimen was washed until the specimen surface was
visually clean under 200 microwatts/cm2 of ultraviolet light
(approximately 15 seconds). Next, the specimens were dried until
visually dry {(10-15 minu%tes) in a circulating air oven at 170°F.
After the appropriate bleed-out times, the penetrant indications
were photographed using the following parameters: approximately
1000 microwatts per cm? of ultraviolet liglt, 25 second exposure
at f9, Royasl Pan Film, Tiffen yellow No. 2 filter.

The test plan was similar to that used for the post-emilsifiable
penetrant (Figure 7) except that the penetrant dwell times were 1, 5,
and 20 minutes. Specific values for penetrant dwell time for high-
sensitivity water washable penetrants are not specified in MIL-I-
6866B. Consequently, the dwell times were based upon McDonnell Air-
craft Compeny experience in production penetrant inspection. The
penetrant bleed-out times were evaluated by photographing the pene-
trant indications after the penetrant was allowed to bleed out of
the discontinuities for 1, 5, 10, 15, 20, and 30 minutes. Then the
photographs were visually compared to determine the penetrant
bleed=-out time required for the indications to achieve their maximum
brilliance.

The results of the penetrant bleed-out time study for the
water washable penetrant are summarized in Table 2 as a function
of developer type and discontinuity type. As in the case of the
post-emuwlsifiable penetrant system, a penetrant bleed-out time
of 1 minute was required for full developrment of the penetrant
indications from the more open discontinuities such as the porosity
and grogs cracks. However, no improvement in the penetrant
indications occurred by using a longer penetrant bleed-out time.
For several smaller, tighter cracks, as much as 5 minutes was
required to fully develop the penetrant indications depending upon
the developer type used.

It should be noted that Tablz 2 in no way indicates the rela~
tive effectiveness of various developer types or the effect of
varying penetrant dwell times. For example, a shorter minimum bleed-
out time for aqueous wet developer versus dry developer does not
indicate that aqueous wet developer was more effective. These erfects
are covered ip later sections of this report.

As in the case of the post-emulsifiable penetrant system work,
this investigation was performed with one penetrant system. Conse-
quently, these minimum penctrant bleed-out timeg should be regarded
only as guidelines for production penetrant inspection.

€. Penetranl Dwell Time

e

An important variable in the penetrant inspection process is the
7 dwell time of the penetrant. The dwell time of the penetrant should be
: long enough to allow the penetrant to enter any discontinuity; however,
if' Lhe penetrantl dwell time is too long, the penetrant can dry waking

ST AP

it difficult lo remove excess penebrant. Also, the minimum penetrant Y

; dwell time may vary as the size of the discontinuity varies. ;
Y 4§
3
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TABLE 2
MINIMUM PENETRANT BLEED- OUT TIME FOR
WATER WASHABLE PENETRANT SYSTEM

Gross Cracks

Minimum Bleed-Gut Time (Min,

Developer Penetrant Dwell Time
1 Min 5 Min 20 Min
None 1 1 1
Nonaqueous Wet 1 1 1
Dry 1 1 1
Aqueous Vet 1 1 1

Forosity

Minimum Bleed-Out Time (Min)

GP74 0417162

Developer Penetrant Dwell Time
1 Min 5 Min 20 Min
None 1 1 1
3 Nonagueous Wet 1 1 i
, 1 Dry 1 1 1
E Equeous Wet 1 1 1
i
Smaller, Tighter Cracks
Minimum Bleed-Out Time {¥in)
E Developer Penetrant Dwell Time
i 1 Min 5 Min 20 Min
E None 1 1 1
; Nonaqueous Wet 1tob 1t0b 1tob
E Dry 1t0H 1105 1tob
é Agueous Wet 1 1 1
5
E;
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Consequently, this important aspect of penetrant testing was inves-
tigated for both a water washable fluorescent penetrant system and a
post-emulsifiable fluorescent penetrant system.

(1) Post-Emulsifiable Penetrant System

The photographs of the penetrant indications taken during the
bleed-out time sludy were used to study the effect of penetrant
dwell time.

The penetrant bleed-out time study indicated that under no
circumstances was more than 15 minutes bleed-out time required to
achieve maximum brilliance of the penetrant indications. Conse-
quently, the penetrant dwell times were compared for a penetrsant
bleed-out time of 15 minutes.

The results of the penetrant dwell time study as a function of
discontinuity type and developer type are summarized in Table 3 and
demonstrated in Figure 10.

TABLE 3
: MINIMUM PENETRANT DWELL TIME
{Post-Emulsifiable Penetrant System)

Minimum Penetrant Dwell Time (Min) A
Developor Gross Porosity Smaller, Tighter
Cracks Cracks
None 20 20 20
Nonagqueous We* 10 20 20
Bry 5 20 6 and 20 /2\
X Aqueous Wet 5 10 20

; . AA 1 1nin omulsification time was used

AC‘ min was sutficiont for mest cracks but 20 min was roequired for several small cract s

F" GPra 01l 164
.

E

F

The test resulls indicate that the minimum penetrant dwell
time varies as a function of discontinuity type and developer type.
: The longest required penetrant dwell time was 20 minutes. If it is
: ' assumed that it is necessary to detect all three discontinuity types
i (gross cracks, small cracks, and porcsity) in a penetrant inspection
process, then, for all cases, at least a 20 .dnute penetrant dwell
time would be necessary. These data supp the present MIL-I-6866B
dwell time requirement of .20 to 30 minutes. It should be noted that
Table 3 in no way indicates the relative effectiveness of various
developer types. TFor example, a shorter required dwell time,
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Gross Cracks Specimen 33C
Nonagueous Wet Developer

5 min 10 min
Dwell Time Dwell Time

Smaller, Tighter Cracks, Specimen 1568C
No Developer

5 min 20 min
Dwell Time Dwell Time

FIGURE 10

EFFECT OF PENETRANT DWELL TIME
(Post-Emulsifiable Penetrant - 15 Min Bleed-Out Time) |
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FIGURE 10 (Continued)
EFFECT OF PENETRANT DWELL TIME
{Post-Emulsifiable Penetrant - 16 Min Bleed-Out Time)
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when using dry developer on gross cracks versus nonaguenous wet
developer, did not necessarily indicate that the dry developer
was more effective. These effects are covered in later sections
of thils report.

(2) Water Washable Penetrant System

As with the post-emulsifiable penetrant system, the photo-
graphs of the penetrant indications taken during the bleed-out
time study were uted to study the effect of penctrant dwell
time. The photographs of the penetrant indications werc visually
compared to determine the penetrant dwell time necessary for
maximuwn penetrant indication brilliance.

Since the penetrant bleed-out time study indicated that
under no circumstances was more than 5 minutes bleed-oubt time
required to achieve maximum brilliance of the penetrant indications,
the penetrant dwell times were compared using a penetrant bleed-
out time of 5 minutes.

The results of the penetrant dwell time study as a function
of discontinuity type and developer type are summarized in
Table 4 and demonstrated in Figure 11.

As seen in Table 4, the required penetrant dwell time varied
as & function of discontinuity type and developer type. The required
penetrant dwell time was 5 minutes for the gross cracks, irrvespective
of the developer type used. A variation in the required penetrant
dwell time was noted for the smaller tighter cracks depending upon
the type of developer used. When ao developer was used, the majorit;-
of' the crack indications were present when the dwell time was 5
minutes. However, 20 minutes dwell time wes required for several
of the small, tight cracks. When nonaqueous wet developer or dry
developer was used, a 5 minute penetrant dwell time was sufficient.
For aqueous wet developer, a 1 minute dwell time is indicated, which
indicates that the strengths of the indications were not improved by
longer bleed-out times. However, this developer was totally
ineffective as very few of the smaller, tighter c¢rack indications
were vigible, no matter what penetrant dwell time was used.

In summary, for the most effective penetrant inspection, at
least 20 minutes dwell time should be used for a system without
developer or with agueous developer, and at least 10 minutes dwell
time should be used for systems employing a nonaqueous wet or dry
developer. Of course, these penetrant/developer combinations are not
equivalent in effectiveness even if the required penetrant dwell
times are numberically equivalent. The relative effecliveness of the

systems are discussed in Section 1-k of Lhis report.

Il should be kept in mind thal the penetrant dwell ime ctudy
was performed on 2 penetrant btypes. Other Group V penetrant cyoteme
may require preater or leaser dwell Uimes, fhoo NEEA D T
requirad penobrant dwelt Limen wonl D obe (00 rend MEMETI PRI EYRYE
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Nonaqueous Wet Developer
Porosity Specimen - 4P-1

£l S '- .

v

1 min Dwell Time 6 min Dwall Time 20 min Dwell Time

FlGURE 11 GP74.0117.187
EFFECT OF PENETRANT DWELL TIME
{Water Washable Penetrant)

TABLE 4
MINIMUM PENETRANT DWELL TiME
(High Sensitivity Water Washable Penetrant System)

Penetrant Dwell Time (Min} A
Daveloper -
Gross Porasity Smaller, Tighter
Cracks Cracks
None 5 10 5 and 20 /2\
Nonaqueous Wet 5 10 5
Dry 5 10 5
Aqueous Wet 5 20 1 &

L1\ The blesd-out time exceeded the minimum effective blead-out time
& 5 min was required for most cracks but 20 min was requirad for sevaral small cracks

z:j}l Faw crack indications ware visible when using agueous wet developer
GPIa0V17 1566
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were to be detected. Also, the test specimens us=2d for this labora-
tory investigation were very carefully cleaned for the investigation.
Production parts cleaned prior to & production penetrant inspec*ion
may not attain this degrec of cleanliness and therefore, a longer
penetrant dwell might be necessary. However, the penetrant dwell
time data developed in this program can be used as a guideline for
selecting adequate penetrant dwell times in a production penetrant
inspection.

t'. Developer Effectiveness

The purpose of a developer in penetrant inspection is to increase
the visibility of the penetranrt available at a discontinuity by spreading
it and drawing more of it from the discontinuity and to provide a
background from which to view the penetrant indications. Several types
of developers are currently in use! nonaqueous wet, dry, and agueous
wet. Consequently, a program was underteken to evaluate the relative
effectiveness of these developer types in comparison with no developer.

2
5‘:
5
é

(1) Posi-Emulsifiable Penetrant System

The photographs of the penetrant indications taken during the
bleed~out time study were used to study the relative effectiveness of
developer types. Previously mentioned studies indicated that no
improvemeut in penetrant indications was noted for penetrant dwell
times greater than 20 minutes and for penetrant bleed-out times
greater than 15 minutes. Consequently, the developer effectiveness
wag compared by evaluating the photographs of penetrant indications
resulting from a penetrant dwell time of 20 minutes and e penetrant
bleed-out of 15 minutes. A 1 minute emulsification time was used.

Ta——

The results of the developer effectiveness study are swmmarized
in Table 5 and shown in Figures 12 and 13.

T R — e

‘ ! TABLES
% ' RELATIVE EFFECTIVENESS OF DEVELOPER TYPES

Post-Emulsifiable Penetrant

{1} Nonaqgueous Wet, Dry and Agueous -
Gross Cracks Equally Effective
{2) No Developer

(1) Ory
{2) Nonaqueous Wet (Slightly Less)

Porosi
orosity {3) No Developer
(4) +.queous
Smaller, (1) Nonaqueous Wet and Dry - Equally Eftective

(2) No Developer {Slightly Less Eftective)

Tighter Cracks
{3} Aqueous

GP24 0111 168
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Aqueous
Developer

Dry

Developer

FIiGURE 12
RELATIVE EFFECTIVENESS OF DEVELOPER ON
SMALL CRACK INDICATIONS
(Post-Emulsifiable Penetrant - 20 Min Dwell Time -
15 Min Bleed-Out Time!

MNonaqueous Wet
Developer
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Specimen No. 34C

N el

“

No Nonaqueous Wet Dry
Developer Developer Developer Developer

GP74.0117.160

FIGURE 13
RELATIVE EFFECTIVENESS OF DEVELOPER FOR

DETECTION OF GROSS CRACKS
(Post-Emulsifiable Penetrant - 20 Min Dwell Time -
15 Min Bleed-Out Time)

The gross cracks (approximately .00l inch wide x .25 inch long)
were ail visible for each of the four conditions (no develcper,
nonagueous developer, dry developer, and ajueous wet developer);
however, the indications were brighter when a developer was
used. The three developer types were escentially equally effec-
tive on the gross cracks. As shown in Figure 12, aqueous wet
developer was least effective for the tight cracks. TFor the
detection of the smaller, tighter cracks (approximately .0002
inch wide x .060 inch long) nonagueous and dry developers were
most effective with nn developer being slightly less effective.
Aqueous developer was the least effective. Tor the detection
of' porosity. dry developer was the most effective with nonaqueous
slightly less effective. No developer was next effective while
aqueous developer was the least effective of all.

Es
2 = Far

et e e s

Based on these test results, then, there is a definite dilrerence
in the effectiveness of the various developer types depending on
X ' the discontinuity that is of interest and for a production penetrant
y inspection to be most effective these considerations should be kept
in mind.




(2) Water Washable Penetrant System

Specimens containing tight and gross cracks were used in the
evaluation as well as porcsity specimens. Tne spoecimens were pene-
trant inspected using Tracer-Tech P-133 high sensitivity water
washable penetrant, equivalent in sensitivity to MIL-T-25135 Group
V penetrant when used without a developer. 'Tracer-Tech D-L99C
nonsarueous wel developer, Tracer-Tech DLY3A dry developer, and
Tracer-Tech DL92C ugueous wet developer were used in the investi-
gation as well as no developer. The use of a developer increases
the scnsitivity of the system to that of a Group VI sys%em. The pene-
trant dwell times and developer bleed-out times used exceeded the
minimum effective times established in the previously discussed
dwell time study. The penetrant inspection parameters were the
same as used in the dwell time study.

The test results are summarized in Table 6, The pentrant
indications of the grossg cracks (approximately .00L inch wide x .25
inch long) were essentially equivalent when any of the three
developers were used, but the crack indications without developer
were less effective. Because of the large crack area involved, a
large reservoir is available for the penetrant. Consequently, the
difference between developers is probably reduced due to the large
volume of penetrant within the cracks.

The effectiveness of the developers on smaller, tighter
cracks (approximately .0002 inch wide x .060 inch long) is Qemon-
strated in Iigure 14. Aqueous wet developer was nearly totally
ineffective when used with the water wuashable penetrant to detect
the smaller, tighter cracks, as very few of the crack indications
were evident. Many crack indications were evident when no developer

TABLE 6
RELATIVE EFFECTIVENESS OF DEVELOFER TYPES

Water Washable Penetrant

{1) Nonaqueous Wez, Dry and Agueois -
Gross Cracks Equally Effective
{2) No Developer

Porosity All Types Eaually Effective

Smaller (1) Nonaqueous Wet and Dry - Equally Effective

Tighter, Cracks | \2) No Deveioper
(3) Aqueous
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RELATIVE EFFECTIVENESS OF DEVELOPER FOR
‘ DETECTION OF SMALLER, TIGHTER CRACKS
: (Water Washable Penetrant)
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was used but these indications were enhanced when either dry or
nonaqueous wet developer was applied. Nonaqueous wet and dry
developers were the most effective. Except for a few isolated
cases, the nonagueous wet and dry developers were equivalent in
etfectiveness,

All three developer types, as well as no developer, were
equally effective on porosity indications. As in the case of the
gross cracks, the porosity probably holds a relatively large
volume of penetrant compared with the smaller, tighter cracks,
lessening the difference between developers. It should be
noted, however, that the aqueous wel developer tends to make the
porosity Yndications indistinct.

g. Emulsification Time

! In a post-emulsification penetrant system, the emulsifier is

applied in a separate step prior Lo washing excess penctront from the

a test part surface. The time that the emulsifier remains in contact with
: the part must be long enough so that the excess penetrant can be

X offectively removed from the part surface but not so long as to cause

p: penetrant to be removed from discontinuities. This aspeot of penetrant
testing was studied for the MIL-I-2513%, Group V fluorescent penctrant

‘ (Magnaflux ZL-2A) used with Mangaflux ZPX-U437 nonaqueous developer,

' Maghafiux ZP-U dry developer Magnaflux 2ZP-13 aqueous wet developer, und
without a developer. Magnaflux ZL-3 cmulsifier was used and emulsificoa-
tion times of 1, 3, and 10 minutes were evaluated. Bagsed on the previous
results, a penetrant dwell time of 20 minutes was used along with o
penetrant bleed-out time of 15 minutes. Ag before, specimens containing
tight and gross cracks were used us well as as porosity specimens. A
sumuary of the testing is shown in Figure 15.
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Apply Emulsify Apply
Pehetrant = for 1 Min, Wash, =]  Nonaqueous
for 20 min and Oven Dry Developer
r“ Vaper Photograph !
. Degrease S am Penetrant
for 16 hours Indications
;i Apply Emulsify Apply Photograch
" Penetrant i fOr 3 Min, Waish, fedge Nonagqueous  peape Penetrant 1
i’" for 20 Min and QOven Dry Developer Indications
3 ..
" i Apply Emulsify Apply Vapor
- Nonagueous ji={ fOr 10 Min, Wash, e Penetrant s Degrease
_ Developer and Qven Dry for 20 Min for 16 hours
] ]
T Photograph
Penetrant fosaep> o 0 ¢
3 Indications

Note: This process was repeated for dry developer, agueous developer, and no developer

FIGURE 15
TEST PLAN FOR EMULSIFICATION TIME STUDY
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The specimens were completely immersed in the penetrant during the
applicable pentrant dwell time. Excess penetrant was washed frcm
the specimens after the appropriate emulsification time using a
Tri-Con 400501 water spray nozzle; the wash water temperature was
approximately 90°F and the wash water pressure was approximately
40 psi. Each specimen was washed until the specimen surface was
visually clean under 200 microwatts/cm2 of ultraviolet 1light
(appro: imately 15 seconds). Next, the specimens were dried until
visually dry (10-15 minutes) in a circulating air oven at 170°F.
The concentration of the aqueous wet developer, when used, was

a 1/2 pound per gallon. After the 15 minute bleed-out time, the

& penetrant indications were photographed using the following para-
meters: approximately 1000 microwatts per em? of ultraviciet

o light, 25 second exposure at f9, Royal Pan Film, Tiffen yellow No.
2 filter. The effect of emulsification time was evaluated by
directly comparing the photographs of ‘the penetrant indications
resulting from 1, 3, and 10 minutes emulsification time.

‘The results of the emulsification time study are swmmarized
in Table 7. An emulsification time of 1 minute was adequate for
effective removal of excess penetrant in all cases. TFor the gross
. cracks as much as 10 minutes emulsification time could be uged
?“ without reducing the effectiveness of the penetrant test (Figure 16).
Y However, for smaller, tighter discontinuities, the emulsification
+ime had to be kept at 3 minutes or less to avoid a reduction in the
brilliance of the penetrant indications. Based on these results,
then, an emulsification time of less than 3 minutes should be used in
order to effectively detect a wide variety of crack and porosity
sizes using a MIT~I-25135, Group V post-emulsifiable penetrant
systent.

LR T e -

By necessity, the emulsification study was limited in scope. Only
a few emulsification times and one surface condition (as-machined) was
investigated. Consequently, these results should be used only as
guidelines to the selection of emulsification times for alternate
surface conditions such as as-cast or us-forged surfaces.

TABLE 7
EFFECTIVE EMULSIFICATION RANGE
Effective Emulsification Range (Min) &
Developer Gross Porosit Smaller, Tighter
- Cracks orosity Cracks ‘ﬁ
None 1t010 1 to Less Than 3 1 to Less Than 3 j
Nonaqueous Wet | 11010 | 1 to Less Than 3 1to 3& :
Dry 1to0 10 1t03 1to Less Than 3 /2\ 1
; Agueous Wet 1to010 1t03 1to Less Than 3 :
‘ 4

Apanelram blead-out time (15 min} and penetrant dwell time (20 min) exceeded the minimum required
A 10 min emulsification time was acceptabic “or most cracks but was 100 long for several sinall cracks
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FIGURE 16
EFFECT OF EMULSIFICATION TIME
{Post-Emulsifiable Penetrant System - 20 Min Penetrant Dwell Time
and 15 Min Penetrant Bleed-Out Time)
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Smatiler, Tighter Cracks - Specimen 19S5C
Nonaqueous Wet Developer
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h. Water Washing Techniques

The removel of the excegs penet ant prior to examination is an
important step in the penetrant inspection process. The purpose of
removing the excess penetrant is to remove any confusing background
or false indications which may interfere with the indications of
discontinuities. At the same time, the cleaning operation must not
remove penetrant from discontinuities themselves,

Several types of cleaning operations can be used to remove excess
penetrant. Wiping the surface with cloths, either dry or moistened
with solvent, has been done but has the disadvantage of being too slow
for quantity production inspection. When cleaning by spraying with
solvents, it can be difficult to avoid removal of penetrant from dis-
continuities. Probably the most important and widely-used cleaning
technique is washing with water; this can be accomplished either by
using penetrant with an incorporated emulsifier or by application of
the emulsifier as a separate step. Because of the emphasis upon water
washing in production penetrant inspections, this portion of the pro-
gram concentrated on the variables involved in water washing. Hand
held sprayers were used for this portion of the program; therefore,
the angle of water impingement varied throughout the entire washing
operation.

(1) Post-Emulsifiable Penetrant

An investigation was performed to establish acceptable water
washing parameters for removal of excess penetrant using a post-
emulsifigble penetrant system,

Magnaflux ZL-’A penetrant (MIL-I-25135, Group V fluorescent
penetrant) was used along with Magnaflux ZE-3 emulsifier and
Magnaflux ZPX-L37 nonaqueous developer. 'The penetrant dwell time
was 20 minutbes, the emulsification time was 1 minute, and the
penetrant bleed-out time was 15 minutes; these choices were based
upen the results of the previous testing

Specimens containing tight and gross cracks were used in the
evaluation as well as porosity specimens. The specimens were
completely immersed in the penetrant during the applicable
penetrant dwell. After emulsification, excess penetrant wus
washed from the specimens using the applicable washing parameters
shown in Table 8. Each specimen was washed until the specimen
surface was visually clean under 200 microwatts/cm?2 of ultraviclet
light.

35




TABLE 8
WATER WASHING PARAMETERS

b Water Removal | Water Temp Water Pressure

| Method (°F) (psi)

2 40

'y 70 60

H:":I 90

‘ Water Spray 40

- (Nozzie) A\ 100 60

}‘.' 90

L 40

3 145 60

i 90

o

‘;:'{» Immersion 100 -

f ‘ 145 —

A Tri-Con-400 601 Nozzle

k;' QP74-0117-167
fﬁ A Tri-Con 400501 heavy duty spray wash gun was used for the

N spray wash portion of the program. The spray gun was held 8 inches
' from the specimen surface during the washing. Initial testing
indicated that approximately T seconds washing time was required

to remove all the excess penetrant from the specimens; consequently,
a T second washing time was used throughout the program for
consistency.

The immersion wash tests were carried out using a 10 x 16 inch
container, 6 inches deep. The water in the container was air
agitated using a stainless steel tube (3/8 inch 1.D. x 12 inches
long) which had 4l holes drilled in it for wir passage. The stain-
less steel tube was directly cennected to a 90 psi air line. It
was found that a time of 2 minutes was required to wash excess penetrant
from each specimen using this apperatus and, consequently, a two
minute wash time was used throughout the program. The specimens
were dried after washing until visually dry (10-15 min.) in a
circulating air oven at 170° and alter the appropriate bleed-out
times, the penetrant indications were photographed using the
following parametiers: approximately 1000 microwatts per cm? of
ultraviolet light, 25 second exposure gt f9, Royal Pan Film,

Tiffen yellow No. 2 filter. DWNext, specimens were vapor degreased
for 16 hours in order to remove residual penetrant and the testing
was repeated using another set of washing parameters.
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The water washing parameters were evaluated by visually
comparing the photographs of the penetrant indications resulting
from each test condition. Since it was found initially that the
excess penetrant could be adequately removed by washing for T
seconds at 40 psi and TO°F, the photographs of the penetrant
indications resulting from the other washing conditions were
compared to the U0 psi/TO°F indications to determine if amy
overwashing occurred at the higher pressures and temperatures.
The results of the investigation indicated that the specimens
containing gross cracks could be washed using water pressures up
to 90 psi and water temperatures up to 145°F without reducing the
strength of the penetrant indications by overwashing (see Table 9).

The more open discontinuities, such as porosity, could be
effectively vashed without overwashing as long us the spray water
was either 40 psi/T0°F or L0 psi/100°F. Increasing the water
pressure to 60 psi or the water temperature to 145°F reduced the
strength of the penetrant indications as demoustrated in Figure 17.

TABLE 9
ACCEPTABLE WASHING CONDITIONS
Post-Emulsifiable Penetrant System

Removal Discontinuity -
Method Type Acceptable Conditions
40 psi - 70°F to 145°F
Spray Gross Cracks 60 psi - 70°F to 1459F
Nozzle 90 psi - 709F to 146°F
{Tri-Con- . . o 0 o
Porosit . : 5
400501 orosity < 60 psi - 70°F to > 100°F but < 146°F
. o o
for 7 Smaller, 40 ps! - 700F to 1450F
Sec Tighter Cracks 60 psi - 70°F to 145°F
<90 psi - 70°F to > 100°F but < 145°F
Gross Cracks 70°F to 145°F
Immersion Porosity 70°F to 145°F
For 2 Min Smaller R
' i (o] (6]
Tighter Cracks < 60 psi - 70YF to > 100°F but < 146YF

aP74-.0117 168
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P".. FIGURE 17
Y, DEGRADATION IN PFNETRANT INDICATIONS DUE TO
OVER WASHING

(Post-Emulsifiable Penetrant System)

The specimens containing smaller, tighter cracks could be washed &b
all water pressure/water temperature combinations except 90 psi/1U5°F
without overwashing.

Overwashing of small discontinuities was less of a problem
with the immersion method than with the water spray method.
There was no reduction in the penetrant effectiveness for porosity
at 1LS°T compared with T0°F. 1In addition, the porosity penetrant
indications werz larger and more distinct after immersion washing
as compared with spray washing. Presumably, the mechanical
scrubbing action of the water spray removes some of the penetrant
from the pores while the immersion method does rot,.

All of the specimens were washed for 2 minutes dwring the
immersion tests in order to eveluate the water temperatures under
equivalent washing times. Ilowever, it was found that the time
required to wash excess penetrant from the specimen gurfaces was
a function of water temperature. At T0°F, 2 minutes were required;
at 100°F, U5 seconds were required; and at 1h5°1', 30 seconds were
required.

These test results bear out the importance of controlling the
P water washing parameters, even with a post-emulsitfiable penetrant
3 system. Tor example, if a production penetrant inspection were
to be performed with the intent being to detect open, shallow
discontinuities, such as porosity, the spray wash should be performed
at & meximum water pressure which lies between 10 psi and 60 psi and
at a maximum water temperature which lies between 100°F and LLh5°5,
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(2) Water Washable Penetrant

An investigation was made of the effect of wash water pressure
and temperature for the water washable penstrant system.

Tracer-Tech P-133 penetrant was used, which is equivalent in
sensitivity to a MIL-I-25135, Group V penetrant. The penetrant was
used with Tracer-Tech D49ST nonaqueous wet developer. Based on
the previous results, a penetrant dwell time of 20 minutes was used
J along with a penetrant bleed-out time of 15 minutes.

Specimens containing tight and gross cracks were used in the
evaluation as well as porosity specimens. The penetrant testing
was performed using the same equipment and techniques described
above for the post-emulsifiable penetrant system.

As in the case of the post-emulsifiable penetrant system, the
excess penetrant was adequately removed by washing for 7 seconds
at 40 psi and TO°F., Consequently the photographs of the penetrant
indications resulting from the other washing conditions were
, compared to the 40 psi/T0°F indications to determine if any over-
i washing occurred at higher pressures and temperatures,

a The results indicated that the specimens containing gross
cracks could be washed using water pressures up to 90 psi and
water temperatures up to 145°F without reducing the strength of
the penetrant indications by overwashing (see Table 10).

TABLE 10
ACCEPTABLE WASHING CONDITIONS
(Water Washable Penetrant System)

S Y

pre— -

< Removal Discontinuity : .

i Method Type Acceptable Conditions

)

' 40 psi - 70°F to 145°F

Spray Gross Cracks 60 psi - 70°F to 145°F

“ Nozzla 90 psi - 70°F to 146°F

: {Tri-Con- Porosi T o0 o
400501) orosity < a0 psi - 70°F to < 100YF
for 7 40 psi - 70°F to 145°F
Sec Smaller, 60 psi - 70°F to 145°F

Tighter Cracks

90 psi - 70°F to 145°F .

Porosity 70°F to < 100°F
Immersion Gross Cracks 70°F to < 100°F ;
For 2 Min — i
Smaller,

70°F to < 100°F

Tighter Cracks

AMSOF wes accoptable for most cracks but for a few cracks 70°F was the
max|Imum acceptable temperature
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However, as might be expected, the porosity was much more
susceptible to overwashing. Overwashing occurred when the water
pressure was increased from 40 psi to 60 psi or when the water
temperature was increased from TO°F to 100°F. The smaller,
tighter cracks could be washed at water pressures of up to 90
psi and water temperatures of up to 145°F (in most cases) without
overwasning cccurring. Typical photographs of the results are
shown in Figure 18.

The water washable penetrant system was quite sensitive to
water temperature when the immersion technique was used. If the
water temperature was increased from TO°F to 100°F, the excess
penetrant was very difficult tc remove, even with extended
washing times. Several penetrant manufacturers were contacted
concerning this situstion and it was learned that most high
sensitivity water washable penetrants are formulated such that
washing at higher water temperatures is difficult. Apparently,
this is overcome by scrubbing action during water spray removal.

An investligation was made of the effect of washing time on
subsequent penetrant indlcations. A few of the test panels con-
taining the smaller, tighter cracks were spray washed as shown
below:

Wash Water Wash Water

Specimen No. Pregsure (psi Temp. (°F) Washing Time
A Lo 70 T seconds

Lo 70 60 seconds

B Lo 70 7 seceonds

4o 70 2 minutes

c Lo 70 7 seconds

Lo 70 3 minutes

The cursory examination of the effect of washing time
revealed that the smaller, tighter cracks could be washed for as
long as 3 minutes at a water pressure of M40 psi and a water
temperature of TO°F without any degradation :n the strength of
the penetrant indications (see Figure 19). However, extrapolation
of these resulits to other discontinuity types should be done with
caution. More open discontinuities, such ag porosity, most surely
would be more sensitive to washing time.
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FIGURE 18
DEGRADATION IN PENETRANT INDICATIONS DUE TO
OVER WASHING

{(Water Washable Penetrant System)
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A separate test program was conducted in cooperation
with and through the courtesy of the Megnaflux Corporation,
Chicago, Illinois, in order to further study water washin -
parameters. The specimen types used for this study were four
specimens with gross cracks, four specimens with tight cracks, and
two specimens containing porosity. A MIL-I-25135, Group V
fluorescent penetrant system was chosen for the investigation.
Specifically, Magnaflux ZL-2A penetrant was used with Magnaflux
ZP-9 nonaqueous wet developer. ILimited additional work was done
using Magnaflux ZP-4 dry powder developer and Magnaflux ZP-13A
aqueous wet developer. The excess penetrant was removed in all
cases with Magnaflux ZR-10 remover. A summary of the test
parameters is shown in Table 1l.

Y Initially, all specimens were vapor degreased for 16 hours
as a cleaning method. Next, the specimens were immersed in the
penetrant bath and allowed to dwell immersed for 5 minutes.
3 Excess penetrant was removed by spraying ZR-10 remove. solution
onto the specimen surface at TO°F. In practice, the specimens
were hand-held by clamps and oscillated up and down and from
side-to-side in a spraying area which directed two remover/water
streams at the front and rear of the specimens. The ZR-10
remover concentration was controlled by metering the remover
into the wash water stream with a calibrated piston pump.
After washing for the specified time, the specimens were dipped
into clean water and ilmmediately blown with compressed air to
remove residual ZR-10 remover. Next, the specimens were force
air dried for 3 minutes at 175°F before application of the
developer. The 2P-9 nonaqueous wel developer was applied by
aerogsol can. Three or four pusses were made over each surface.
The development time was 10 minutes. The effect of varying the
washing parameters was determined by measuring che brightness of
‘ selected penetrant indications with a Spectra Spot Meter, Model
! UB 1/4, manufactured by the Photo Research Division of Kollmorgen.
‘ The Spectra Spot Meter was used with the visual brightness filter
! supplied with the insirw’ent in order to make the light meter
' clogely follow the sensitivity of the eye. The brightness
measurements were made while the specimens were illuminated with
3000 microwatts per cm? of ultraviolet light at the specimen
surface ag measwed with the Ultraviolet Light Products Model
J-221 light meter. The Spectra Spot Meter measures the visible
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TABLE 11
WASHING PARAMETERS
. Water ZR-10 Remaover
Was(i:eI)lme Prossure Concentration
{psis {Volume %)
10 0.29
0.43
25 0.00
g.1n
16 0.23
I
Jb 0.36
1.07
40 0.29
10 0.29
0.43
26 0.00
0.10
60 0.29
36 0.36
1.07
40 0.29
10 0.29
0.43
25 0.00
120 0.29
36 0.356
1.07
40 0.29
10 0.29
0.43
25 0.00
a00 029
. 35 0.36
1.07
40 0.29
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brightness of an aren 1/60 inch in diameter. For the network ot
tight cracks, brightness measurements were made at the junction
between <2racks where the developed indications occupied approxi-
mately 10 to 25 percent of the viewing area. Approximately 16
measurements were made for each specimen and the readings were
averaged. 'The gross crack indications occupied the entire viewing
area and the porosity indications occupied from 50 to 100 percent
of the viewing arca. Approximately 6 measurements were made for
each gross crack and the readings were averaged.

After the brightness measurements were made, the specimens
were cleaned to remove all residual penetrant materials so that
the specimens could be reprocessed using another set of washing
parameters. The specimens were cleaned by perchlorethylene vapor
degreasing for 30 minutes tf'ollowed by ultrasonic cleaning with
perchlorethylene for 10 minutes.

An examination of the indication brightness as a function of
water pressure indicated that there was no significant overwashing
for water pressures up to L0 psi. Vo the purposes of these tesis
a signitficant change in indication brightress is considered at
least N percent change since this is approximately the smallest
change which can be detected by the eye.

The eftfect of ZR~10 remover concentration on the indication
brightness is shown in Table 12 for a 60 second wash time and
25 psi water pressure. The indication brightness decreased
gignificantly where the remover concentration was increased from
0.35 volume percent to 1.07 volume perce.. . It should a’so be
noted that the background fluorescence was easily removed with a
concentration as low as 0.1 volume percent. These results indicate
that machined parts can be properly processed with ZK-10 remover
without overwashing but that the concentration of the ZR-10 remover
is a factor that shoula be controlled.

The effect of spray time on indication brightness is demonstraled
in Table 13. Each indication brightness value was arrived st by
using o total of 4 specimens containing small cracks and 4 specimens
containing gross cracks. Ior each of the I specimens containing
smwll cracks, approximately 16 indication brightness measurements
were made and an average [or each specimen was compuled. Vor each
of the h specimens containing gross cracks, anproximately h
brightness measurements were made and an average was compubed
for each. IMinally, a single value of indication brightnes«s for
that particular spray wash time was arrived at by adding the 8
average brightness values., It is this summation value thatl
appears in Table 13. It can be seen that for the paramecters
chosen, the wash time did not appear to reduce bthe strength of
the penetrant indicetions significantly.
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i, Viewing Light Intensity

During inspection using fluorescent penetrant, the piece to be
inspected is illuminated with ultraviolet light. The fluo.escent
dye in the discontinuities absorbs the black light and re-emits the
energy in the visible light range. Consequently, the brilliance of
the discontinuity indication varies with the intensity of the black
light at the inspection area.

In order to study the effects of ultraviolet light versus back-
ground white light, tests were conducted in cooperation with and
through the courtesy of the Magnaflux Corporation, Chicago, Illinois.

(1) "Mest Procedure

A test specimen containing porosity was used. The penetrant
indications were produced by penetrant testing with Magnaflux
7L~2A post-emulsifiable Tluorescent penetrant which is a
MIL-I-25135, Group V penetrant. 'The porosity specimen was dipped
into the penetrant and allowed to drain in air for 5 minutes.
Ixcess penetrant was removed using Magnaflux ZR-10 remover
injected into a water stream at a concentration of .29 volume
percent, a water temperature of 170°F, and a wash water pressure
of 25 psi. The ZR-10 remover was metered into the wash water
stream by a calibrated piston pump. The wash time was 60 seconds
and the water spray was approximately 90 degrees 1o the specimen
surface. After spray washing, the specimen was dipped into clean
vater to remove excess 7ZR~10 and excess water was renmnoved with
compressed air. Next, the specimen was force air dried for
three minutes at 175°F and Magnaflux ZP-9 nonaqueous wel developer
was applied. After a development time of 10 minutes, brightness
measurements were made.

The brightness measurements were made using a Spectra Spotl
Meter, Model UB 1/k4, manufacturcd by the Photo Research Division
ol Kollrorgen. The Spectra Spol Meter was used with the visual
brightness filter supplied wit'i the instrument in order to make
the meter light response closely follow the sensitivity of the
eye (see Migure 20). Brightness measurements in the visible range
were made on one of the penetrant indications under the following
lighting conditions:

Background
Visible Light Ultraviolet Light
(oot Candles) Zf}k (Microwatts/cm:)
Near Zero 1C00 2000
3 1000 2000
0O 1000 2000
1h 1000 2000
20 1000 2000 "

Z/}\ Tncludes the visible 1ight from the
ultraviolet lamp.
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The background visible light level was increased or decreas=d
by adding or removing lamps. The background light lavel was
measured with the Spectra Spot Meter in conjunction with a
magnesiunm oxide reflector plate. The ultraviolet light
intensity was varied by changing the distance Letween the
test specimen and the 100 watt mercury arc lamp. The
ultraviclet light intensity was measured with an Ultraviolet
Light Products Model J221 light meter. The Model J221
measures both the ultraviolet and infrared components of the
light emitted by the mercury arc lamp. The infrared component
was measured independently and was found to comprise approxi-
mately 5 percent of the total J221 reading at 15 inches from
8 100 watt mercury arc lamp.

The measurements of the indication brightness were made by
focusing the Spectra Spot Meter on a single indication. The
actual area measured was 1/60 inch in diameter and the penetrant
indication filled approximately 50% of the measured area. After
measuring the indication brightness, the field of view was moved
to an adjacent area away from any penetrant indication and the
& brightness of the developer background was measured., From this
data, the ratio of indication brightness to background brightness
was calculated. Obviously, high brightness ratios are desired.

The test results are plotted in Figure 21 and photographically
demonstrated in Figures 22 and 23. It should be ncted that, in
Figures 22 and 23, the lines are scratches on the negative and are
not penetrant indications. The importance of inspecting parts in
a relatively dark inspection booth (less than 3 foot candles) is
demonstrated. For a counstant ultraviolet light intensity, the
brightness ratio is reduced from approximately 65 to approximately
2.5 when the visgible light level is increased from nearly zero to
3 foot candles. The visible light level has a much greater effect
on the brightness ratio than does the ultraviolet light level.

For example, at a constant visible light level of near zero
increasing the ultraviolet light level from 1,000 to 2,000 micro-
wabts only increases the brightness ratio from 62.1 to 68.6.
However, at a constant 2,000 microwatts/cm?2 of ultraviolet light,
decreasing the visible light level from 3 foot candles to nearly
zero causes the brightness ratio to go from 2.8 to 68.6.

After the above testing was performed, similar experiments
were conducted using a fatigue crack as a discontinuity. Magnaflux
72L~2.. penetrant was again used and the specimen was dipped in the
penetr: 1t and allowed to drain in air for 10 minutes. Magnaflux
Zh~3 emulsifier was applied for 30 seconds and excess penetrant
was washed from the specimen using a Magnaflux P/N 3070 water spray
nozzle. The water temperature was approximately S0°I" and the water
pressure was 30-40 psi. The specimen was dried for 2 minutes at
g 175°F in a circulating nir oven. Finally, Magnallux ZP-9 nonaqueous
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3 ft Candles

6 ft Candles 20 ft Candles

FlGURE 22 GP74:C 17-130

PENTRANT INDICATIONS UNDER VARIOUS LEVELS OF VISIBLE LIGHT
(Ultraviolet Light Level is 1000 Microwatts Per cm?2)
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FIGURE 23
PENETRANT INDICATIONS UNDER YARIOUS LEVELS OF VISIBLE LIGHT
{Ultraviolet Light Level is 1,000 Microwatts Per cm?)
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TABLE 12
EFFECT OF REMOVER CONCENTRATION ON INDICATION BRIGHTNESS

Specimen Indication Brightness {foot-lamberts)
Flaw Type No
' 0% 0.10% 0.29% 0.35% 1.07%
39 15.5 19.4 13.8 23.2 1.2
40 36.8 36.6 44.2 33.0 16.1
Gross Cracks
41 20.0 21.4 17.2 19.4 11.8
42 38.0 34.8 36.7 27.1 16.7
SC 29 10.4 8.2 8.9 13.6 4.3
SC 32 10.0 7.4 5.4 11.6 2.6
Small Crack
mal bracks | sc a3 10.0 8.6 7.5 12.6 45
SC 34 14.0 11.8 10.9 14.3 3.9
17P1 5.8 4.2 5.1 2.5 48
Porosity
17P2 39.0 37.4 37.2 32.0 5.6
GP74 01§7.267
TABLE 13
EFFECT OF WASH TIME IN INDICATION BRIGHTNESS (FOOT-LAMBERTS)
Water Ramover Wash Time (sec)
Penetrant Developer Pressure Concentration
{psi) (ol %) 16 60 120 300
ZP-9 25 0.01 127 148 1565 11
0.29 179 201 188 177
10 0.43 156 202 124 146
ZL-2A 35 1.07 76 70 67 63
ZP-4 25 0.29 78 90 63 55
ZP-13 25 0.29 39 43 42 36
ZP-13A 25 0.29 24 20 23 22
ZL-22A ZP-9 25 0.29 218 280 228 264

GPra0117 256




TABLE 14
BRIGHTNESS MEASUREMENTS MADE ON FATIGUE CRACK

Ultraviolet Light Ambient Light Intensity
Intensity {foot candles)
i {microwatts
X per em?) _ 0 21/2 5
. Al 162 3.8 5.9
' 500 B| o118 1.7 5.3
e C 14.1 2.2 1.1
"‘.‘-' . A 3.0 4.9 6.9
' 920 B 0.21 2.0 5.6
I , c| 143 2.5 1.25
b : A 4.2 6.1 8.1
; 1300 B 0.30 2.1 5.6
3 C 14.4 1.9 1.4
i
| A 11.2 121 13.2
: 3500 B 0.8 2.3 6.1
: } C 14.0 5.3 2.2
i ' A 19.0 19.7 20.5
,54' 64560 B 1.16 2.5 G.b
c 16.6 7.9 3.1
b al 200 21.8 23.6
7900 B 1.3 2.7 6.8
C 16,6 8.0 3.6
A - Brightness of crack indication in foot-Lamberts
8 -+ Brightnass of background in foot candles
C - HRatio of indication brightness and background brightnaess

GF74-0117 114
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wet developer was gpplied. After a 10 minute developmnent, time,
brightness measurements were made.

R Sbec stk

The Spectra Spot Meter was used to take the brightness
measurements at several ultraviolet and background visible light
values. The crack indicatica filled about 1/16 of the measured
area. For these tests, a s:gle brightness measurement was made
for each conditicn. The results are shown in Table 1k and
it ; Plotted in TFigure 24, As before, the importance of low background
' light levels is demonstrated. The date in Table 1h also
demonsirates that by increasing the amount of ultraviolet light
a8 greater amount of ambiert white 1light intensity can be tolerated
without any loss in brightness ratio.
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J+ Effect of Mechanical Processing Prior to Penetrant Inspection

Penetrant inspection can be an elfective inspection method only
‘ if the discontinuities are open to the surtface so that penetrant
3 can enter the discontinulty. Any process which closes the discentinuity
! can destroy the reliability and resolution limits of the subsequent
' penetrant inspection; such "musked" discontinuitles may go completely
3 undetected. BSome mechanical rocessing operations performed prior to

- penetrant inspection may mask disconlinuities by causing surface
" material to plastically deform, flow over and seal discontinuities.
b Consequently, a program wus <conducted to identify several ol the

detrimental processes.

The mechanical processes investigated were glass bead peening,
grinding, foce milling, rotary f(iling, disc sanding, and shot peening.
The glass bead peening was pertformed using MIL-G~995k, Sive 13 glass
beads. A nozzle pressure of T0 psi was used and ecarh specimen was
peenad for 36 seconds.

The grinding was performed on a production surface grinder. The
1 inch wide, 9 inch diameter silicon carbide grinding wheel was 60 grit
with J hardness. The work piece was flooded with Macco 472 coolant (1
to 30 mixture), The test specimens were ground using a wheel speed of
approximately 4,200 surface feet per minute. Initially, three passes
were made to remove 0,0005 4nch per pass and, finally, several passes
weve made to remove 0.0002 inch per pass such that a total of 0.003
inch was ground from the surface.

Face milling was performed with a 5 inch diswmeter carbide insert X
tace mill., The cuts were made perpendicular to the cracks in the '
gpecimens. Maccc 472 coolant was used at a mixture of 1 to 30.

Rotary filing was accomplished using a 3/4 inch diameter x 1 inch
long high speed steel cutter at approximately 8000 rpm to remove
approximately 0.00L inch of material.
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The disc sanding was performed with 80 grit., 2 inch diameter
aluminum oxide sanding discs at 1200 to 1500 rpm.

Shot pesning was performed using No. 330 steel shot and a nozzle
pressure of 20 psi. Fach specimen was shot peened for approximately
30 seconds.

The specimen types used to study each process are indiceted
below.

Process Specimen Type Number of Specimeng
Face Milling Gross cracks T
Glass Bead Peening Grogss cracks T
Tight cracks T
Grinding Gross cracks T
Rotary Filing Gross cracks T
Disc Sanding Gross cracks T
Shot Peening Gross cracks T
Tight cracks T

These crack types are the seme as those previously described in
Section 1-6.

The schematic shown in Figure 25 is representative of the test
procedure used to investigate the effect of each process. The photo-
graphs of the penetrant indications were compared both before and after
the mechanical process. If the strength of the penetrant indications
were reduced by the particular mechanical process, the sgpecimens were
pickled to remove surface metal and re-penetrant inspected. This was
repeated until the penetrant indications returned to full strength.
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FIGURE 25 GP74-0117-137
REPRESENTATIVE TEST PROCEDURE




Each penetrant inspection was performed using Tracer-Tech P-133
fluorescent penetrant, equivalent in sensitivity to a MIL-I-25135,
Group V penetrant. The developer used as Tracer-Tech DUY9C nonagueous
wet developer., Based on the previous program results, a penetrant
dwell time of 20 minutes was used and a developer dwell time of 15
minutes was used. The specimens were completely immersed in the
penetrant during the applicable penetrant dwell. Excess penetrant
was washed from the specimens using a Tri-Con 400501 water spray
nozzle; the wash water temperature was approximately 40 psi. BEach
specimen was washed until the specimen surface was visually clean under
200 microwatts/cem? of ultraviolet light (approximately 3200 to 3800
, Angstrom units in wavelength) which took approximately 15 seconds.

: Next, the specimens were dried wuntil visually dry (10~1% minutes)

; in a circulating air oven at 170°F, After the bleed-out time, the

g penetrant indications were photographed using the following parameters:
‘ approximately 1000 microwatts per e¢m? of ultraviolet light, 2% second
exposure at 9, Royal Pan Film, Tiffen Yellow No. 2 filter.

The results of the investigatior. are tabulated in Table 15 and
demonstrated in Figures 26 and 27. As might be expected, the effect
of mechanical processing varied as & function of the process and crack
gize. The most detrimental processes were glass bead and shot peening.
Nearly all the penetrant indications were obliterated by these two
3 processes. Face milling, &rinding, and rotary filing were much lessg
A severe; but, even so, the strength of the penetrant indications were
o reduced. It should be kept in mind that these processes were used
. i only on gross cracks. Disc sanding had no effect on the gross cracks
) (tight cracks were not used to evaluate disc sanding).

i The test results alsco demonstrate that the detrimental effects of

i certain processes performed prior to penetrant inspection can be alleviatced
} by chemical etching. 'The amount of material that need be removed by

( etching varied from 0.0002 inch {to more than 0.0017 inch, depending upon

! the process (see Table 15). Based upon these results, produciion parts

' which have undergone processing such as grit blasting should be etched

i prior to penctrant inspection.

i

TABLE 15 q
EFFECT OF MECHANICAL PROCESSING PRIOR TO PENETRANT INSPECTION o
' i
! Etching Required to Restore Indications {in.) ‘
Machanical Process
Gross Cracks Small Cracks
Disc Sanding No Effect
Face Milling
Grinding 0.0002
E Rotary Filing
‘- Glass Bead 0.0007 A\ Mare than 0.0012 /A
Reening
; Shot Peening 00007 2 More than 0.0017 /2
f: T N R AR a'
! [/|\ All ponettant mdications ware totally oblitarated .
Most penatrant tndications wera obditoratond
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FIGURE 27 (Continued) !
EFFECT OF MECHANICAL PROCESSING UPON PENETRANT INDICATIONS ‘
OF GROSS CRACKS
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k. Penetrant System Effectiveness

A summation of the overall relative effectiveness of the various
penetrant systems is presented in Table 16. The ranking of systems
i3 based upon the studies of penetrant bleed-out times, penetrant
dwell times, emulsification times, developer effectiveness, and water
washing techniques discussed previously. These summaries are
predicted on the asgumption that it 1s desirable to be able to detect
gross cracks, smaller cracks, and porosity in the same penetrant inspec-
tion. TFor example, if a MIL-I-2513%, Group V sensitivity post-
emuleifiable penetrant was chosen for a !/ piecal production penetrant
inspection in which a variety of discontinuities has to be detected,
then, for the most effective inspection, either» & nonaqueous wet or a
dry powder developer should be used, the penetrant dwell time
should be at least 20 minutes, and the penetrant bleed-out time should
be at least 5 minutes (see Table 16).

No effort was made during this investigative program to compare
the effectiveness of g post-emulsifiable penetrant system with that of
a water washable penetrant system and Table 16 should not be used to
this end. It was felt that in order to make a comparison, a large number
of systemg would have to be compared and this was outside the scope and
intent of the program.
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TABLE 16

RELATIVE EFFECTIVENESS OF PENETRANT SYSTEMS

High Sensitivity Water Washable System

Best

Nonaqueous or Dry Developer
* penetrant Dwell Time = 10 min
Sprav Washing -
Maximum Water Pressure
Between 40 and 60 psi
Maximum Water Tempaeraturs
Between 70 and 100°F
Immaersion Washing
Maximum Water Temperature -
Between 70 and 100°F
* Penetrant Bleed-OQut Time =5 min

Second Best

No Developer
* Penetrant Dwell Time = 20 min
* Penetrant Bleed-Out Time = 1 min

Third Best

Aqueous Developer
* Penetrant Dwell Time = 20 min
* Penetrant Blead-Out Time = 1 min

Post-Emulsifiable System

Best

Nonaqueous or Dry Developer
* Panetrant Dwell Time = 20 min
Emulsification Time = Less than 3 min
Spray Washing -
Maximum Water Prassure -
Between 40 and 60 psl
Maximum Water Temperature -
Betwuen 100 and 146%F
Immarsion Washing
Maximum Water Temperature -
Botween 100 and 146°F
* Penetrant Bleed-Out Time = 6 min

Second Bost

No Developer
* Panetrant Dwall Time = 20 min
* Penetrant Bleed-Qut Time = 1 min

Third Best

Aqueous Davaloper
* Penetrant Dwell Time = 20 min
* Panetrant Bleed-Qut Time = 1 min

*Spacitied tunas are racommendad minimum timaes
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2. RADIOGRAPHIC METHOD

Two of the most important parameters in the radiographic method are the
choice of kilovoltage and beam spectrum., There is a wide range of kilo-
voltages that can be selected to yield the same apparent test sensitivity
when the image quality is evaluated by the use of penetrameters such as the
plaque type shown in MIL-STD-453. However, if the selected kilovoltage is
too high, the subject contrast may be so iow as to render the test ineffec-
tive, even though the MIL-STD-453 penetrameter indicates that the quality
of the radiograph is acceptable. Consequently, data are necessary to aid in
the establishment of maximum acceptable kilovoltages as a function of
material thickness and subject contrast and definition quality.

A test program has been conducted to determine the kilovoltages required
to obtain varying levels of contrast sensitivity. The effect of beam
spectrum was investigated by using three types of X-ray machines (full wave
rectified, self-rectified, and constant potential) with varying inherent
filtration.

a. Fabrication of Step Wedges

Nine step wedges were fabricated from Ti-6A1-4V plate for use in the
program., The step wedges were designed to represent a 1/2%, 1%, and 2%
thickness change for a total thickness of .125, .50, 1.00, 2.00, and
4,00 inches. The configuration of these specimens is shown in Figvre 28.
As can be seen below, the effect of surface finish was aluso taken into

account.
Configuration 'I'hickness Surface Finish
A 0.125 63 RMS
B 0.25 125 RMS
B 0.50 63 RMS
B 0.50 125 BMS
B 1.00 63 RMS
B 1.00 125 RMS
B 2.00 63 RMS
B 2,00 125 RMS
o L, o0 63 RM3

¥ wo inch gpecimen used with a 2 inch thick shim,

The thickness changes of 1/2%, 1%, and 2% were chosen because con-
trast sensitivitlies of 1% and 2% are commonly used in radlographic
ingpectlion o' alrframe components, A 1/2% thickness change was included
to determine i{ & greater than normal contrast sengitivity could be
achieved, The width of the step wedges was chogen to reduce the effect
of undercutting at the edges during the exposures. A density gradient
acrogg the steps could occur on the film 1f the step wedge wldth was tLoo
small,
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63 rms
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Surfaces to be
Parallel within
0.001 inch

Typ

0.125

9.0 32 rms or
Better

Configuration A.

1.0
Typ

0.08T  0.99T 0.998T T

-4,0— 32 rms or ———
Batter

Configuration B

~ 0.02 ' M —
0.04 Typ

4.0 -

T
63 rms | 0.60, 1.00, 2.00
126 rms| 0.50, 1.00, 2.0G

2.6

e e e e mm— e e e

B.0~——32 rms or —

Batter
Note: Each step must be paratiel to the

ather steps withinn 0.0006 inch. Configuration C

FIGURE 28
RADIOGRAPHIC TEST SPECIMENS

65

4.0

arr4 01y’ 132

e T O TR el R L Sroni - b e |



TR VSR TN TR INAIPR 202 ¥R

The step wedges were machined in a lathe. The wedges were rotated
in a slow rate and the cutting tool was held stationary. Initially,
. the work was attempted on a milling machine but the cutting tool was
dulled by the back tracking of the tool over the surface to be cut
nausing the step to be out of tolerance in terms of surface finish.

b, Testing

The 9 step wedges were set up for each exposure on the film cas-
sette as shown in Figure 29. A plumb line was used to locate the focal
spot directly over the center of the set-up. Cardboard cassettes were
used for exposures made at voltages over 50 KV and blackened exposed
film was used as film cassettes for those exposures made at voltages of
50 KV and lower. Blackened exposed film was used below 50 KV because
previous experience has indicated that mottling of the image can occur
at these voltages when paper or cardboard cassettes are used, A lead
sheet, 1/8 inch thick, was used to back up the film cassette. Gevaert
D7 (ASTM Class II) film was used for all the exposures. Since it is
known that the intensity of the X-ray beam varies from one side of the
beam cone to the other, the heel gide of the beaum cone was positioned
the same for each exposure. Lead screens were used, depending upon the
voltage, as described bhelow:

7 SR T T

Front Screen Buck Screen
KV Thickness (Inches) Thickness (Inches)
Up to 100 KV None 0.010
100 KV to 200 KV 0.005 0.010
200KKV to 300 KV 0.010 0.010
300 KV and grester 0.010 0.020

These screen combinations are typical for a production radiographic
inspection. Prior to exposure, titanium 2% penetrameters (MIL-STD-I53)
' were placed on each step of the test specimens (Figure 30). A focal
spot-to-film distance of T2 inches was used for each exposure. This
resulted in a geometric unsharpness of .007 inch or less for all the
radiographs except at the 4 inch step wedge for exposures made with the
Isovolt 400 where the geometric unsharpness is .0088 inch., Exposures
were made using the kilovoltage/milliamp-minute combinations shown in
Table 17. Exposures of 16 and 64 milliamp-minutes were chosen in
order to yield a sufficient number of section thicknesses with film den-
sity between 0.5 and 3.5 H&D for evaluation. TFor the lower kilovolt-
ages, longer exposures (96 and 240 milliamp-minutes) were also investi-
gated to help determine if the increase in contrast warrants the longer
exposure times and to determine the upper titanium thickness limits
which exist for each kilovoltage. To ensure reproducibility, the .aocsen
exposure time wes never less than 1 minute, One minute exposures com-
pensuted for transient line voltage fluctuations as well as varlations
in the rate of lncrease of the X-rey beam to full power from one expo-
gure to the next. HKach exposed film was processed ausomatically in a
Kodak Model B X-OMAT using Gevaert G135N developer and G33WN fixer,
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Heel of X-Ray Beam Here

T=0.25in. T=0.50in. T=0.50in.

125 rms 63 rms 125 rms
T=1.00in. T=2.00in, T=2.00in. T=1.00in,
125 rms 125 rms 63 rms 63 rms

i |

g T=4.00in.

: 63 rms
1 .
" T=0125in.

63 rms

QP 74.0117 131

\—14 x 17 in. Gevaert D7 Film (ASTM Class II)

1 f FIGURE 29 A
1 i TEST SPECIMEN ARRANGEMENT ‘
|
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TABLE 17

EXPOSURE CONDITIONS

Al
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G.E. 0X 140 Phillips PG-300

(Fu'l Wave Rectifiea) (Self Rectified Siefert Isovolt 400

2.5 mm Focal Spot) 2.3 mm Focal Spot) (Constant Potential

Inherent Filtration ssherent Filtration - 0.3 mm 4.0 mm Focal Spot)

Pyrex Plus Qil Cu Plus 3 mm Al Inherent Filtration

(Equivalent to 0.06 mm Cu) (Equivalent to 0.4 mm Cu) 4.5 mm Cu

KVP | MA Time MAM KVP | MA Time MAM KVP | MA Time MAM
30 10 | 1 min36sec | 18 701 3 | 5min 18 sec 16 1100 & 8 5 mir: 40
30 10 | 6 min 24sec | 64 701 3 |21 min 18sec| 64 100& 8 12 min 96
40 A 10 256 miin 250 90 | 3 [bmin18sec 16 100& 8 30 min 240
i 50 10 | 1 min36sec | 16 90 | 3 {21 min 18sec| 64 120 8 2 min 16
:jf‘ 50 10 | 6min24sec | 64 190 | 4 4 min 16 120 8 8 min 64
3 70 10 | 1 min3Gsee | 16 140 | 4 16 min 64 140 8 2 min 16
: 0 |10 |6min2dawc | 64 160 | 4 | 4min | 16 140 | 8| 8min | 64
i 1004\ 3 1 min 3 160 | 4 [ 16min 64 160 4 2 min 16
3 100 8 2 min 16 180 | 4 4 min 16 160 8 8 min 64
100 8 8 min 64 1801 4 16 min G4 180 8 2 min 16
120\ 1 46sec | 3/4 200 | 4 4 min 16 180 8 8 min 64
120 B | 3min12sec | 16 200 4 16 min 64 200 10 | 1 min 36 sec 16
120 6 |12 mis 4%sec| 64 250 | 4 4 min 16 200 10 | 6imin 24 sec 64
20| 4 16 min 64 250 10 | 1 min 36 sac 16
Aﬁom D4 and D7 Him was used, 260 10 | 6 min 24 sec 64
300 10 | 1 min 36sce 16
300 10 | 6 min 24 see 64
i 360 10 | 1 min 36 sec 16
3560 10 | 6 min 24 sec 64
é 380 8 2 min 16
E 380 8 Bmin | 64

[ R RN P




= ; =2 ‘-
s mos ]
o

o 3ot e
aEaidian B e L di e e e

o ——

| W .. [T

26
By 4r A AW oo .

e
T
&

“

w

* ey

N a -~ . - ‘.—‘ ‘ ' . u n .'_,
L T | M oms B Lt W

.;']'J VO T R !
m N oxm a

L3

O i

R Y

FIGURE 30
STEP WEDGES WITH MIL-STD-453 PENETRAMETERS
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Prior to processing any lot of 1lm, one wexposed tilm was run throupgh
the antomatic processor sand the Cilm density was tubsequently measured
in order o check Lhat the processor was operating pronerly and that Lhe
radlopraphic il was not oubdotel or exposed dus to improper

shorage facilities,  Records were made of the time of dny and date of
cnclt orposire Lo cheek any offect of Tine vollage tluctuntions due Lo
Lhe plant workload.  Aley, Lhe Lemperatare of the procecsing solutions

Wi recorded,

For each radiograph whero Lhe density wan botween 005 and 3.5 H&b,
the density wae measywreed In Lhe conter off the penotrameter fmnge and
in the comtop of the atep tmapn addacent Lo the penetiramoetor,  The
mevsarement.s wore mide i these Toeations Lo oavobd the offe bo of
widereutting ot Ll oo ot Lhe stop wedges op Lhe flm, Denaity
penzuremonts woere mede o with oo Machoth gnantalog benstbometor, Mode|
ThOIOgA ealibrated with il denstity cteipn provided by Gevaepet. This
frestorament, has ae e meney o 4 00 ik,
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In order to determine the effect of kilovoltage on contrast sensi-
tivity, the density data for a particular thickness change were normal-
ized to an overall film density of 2.00 by using the characteristic
curve to arrive at the log relative exposure (LRE). A film density of
approximately 2.00 H&D is usually used in industrial radiography since
the X-ruy film characteristic curves are linear in this density range
and the film behavior is quite predictable. Also, X-ray film illumi-
nators have sufficient intensity such that viewing of films with
density of approximately 1.0 to 3.0 H&D can be accomplished.

The LRE for each film density was determined from the characteris-
tic film curve and the difference in LRE for various -thickness changes
were calculated. By applying this difference in LRE to the LRE for a
2.0 H&D density, the LRE differences are normalized and the true
exposure change and/or contrast can be determined. Thus it was not
necessary for each film to have the same nominal density in order to
make comperisons.

An example of the use of log relative exposure is shown in Figure
31. For this hypothetical example, the difference in the log relative
exposure was .021 for 160 KV and .025 for 120 KV. Since the dif-
ference in log relative exposure is greater for the lower kilovoltage,
it could be concluded from this data tha'. greater subject contrast was
attained with the lower kilovoltage. The data, however, did seem to
substantiate the use of lower kilovoltage/higher contrast techniques.
Table 16 iz & list of penetrameter contrast and the minimum detect-
. le hole size for that penetrameter for all data points falling in a
film density range of 1.5 to 2.5 H&D., No diffcrentiation was made
between instruments or specimen surface finish as in the collection of
these data points. It can be seen that

(1) 1In general, as the kilovoltage becomes lower for a given
thickness, the hole resolution increases and the contrast is
increased.

(2) Tt is far easier to achieve a 2-11' image quality in large
pection thicknesses and therefore the penetrameter's role ag an
image quality indicator diminishes.

(3) Data of this type could be used to plot 11 or 21 or Ly
resolution us o function of kllovoltage and section thicknesu.

(4) Apparent differences in penctrameter thicknesses or materiuwl
types exiot, Ag an example, the hole resolution for .50 inch
thick sectlons was as expected for the 100, 120, and 140
kilovoltage exposures bubt was notl as expected at the 160 kilo-
voltage. "T'his could be explalned by un inadvertent exchange of
one penctrameter with another - cach having the same ldentificn-~
tion ag to type and material,
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TABLE 18
CONTRAST AND RESOLUTION AS A FUNCTION OF
KILOVOLTAGE AND THICKNESS
Thickness (in.)
Kilovoltage =2 T o026 | 060 1.0 2.0 4.0
1/0.08 1
70 1/011 | 1/0.10
1/0.10
90 2/0.06 | 2/0.06
2/0.08 | '2/0.06 | 1/0.10
100 2/0.04 | 2/0.04 | 1/0.10
: 2/0.05
2/0.64 | 2/0.10
: 4/0.02 | 2/0.02
120 2/0.02
2/0.08
4/0.03 | 2/0.07
3 140 4/0.02 | 2/0.07
3 j 2/0.04
! 2/0.04 | 1/0.08
- 160 2/0.04 | 1/0.14
5 | 2/0.09
' 180 2/0.03
2/0.04
c 2/0.02
( 200 2/0.01
¢ 2/0.04
? 250 1/0.10
: 1/0.08 | 1/0.10
2 300 1/0,08
: 360 1/0.12
; 380 1/0.10
!{ Code X/Y

s

X = Smaliest penetramaeter hole resolved.

: Y = Ditference in density between penetrsmeter and adjacent ares. GFI4 0117 T8
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2% Thickness Change

l J,_____,'—'—"-" Step B 1

0.49 Step A L

Log Ralative Change
Density (H&D) Exposure (LRE) in

LRE

KV Step A Step B Step A Step B

. 160 0.87 0.83 1.489 1.468 0.021
120 2.86 2.51 2.062 2.027 0.026

% GP74.0117.292
: FIGURE 31
; LOG RELATIVE EXPOSURE USED TO EVALUATE THE DATA
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Analysis of the actual data taken in the program indicated that the
data were inconclusive in terms of arriving at the relationship between
contrast and kilovoltage. The chosen thickness changes (1/2%, 1%, and
2%) were so small that the density differences were in the range of
scatter of the densitometer instrument measurements.

Although it was not known at the time of these tests, variations
in penetrameter thickness may have also contributed to the data scetter.

A small internal program has revealed a problem with using the
plaque~-type penetrameter as an image quality indicator. It has been
found that there can be a significant effect of the difference in pene-~
trameter thickness for MIL-STD-L53 penetrameters. A titanium weld
assembly was radiographed using a certain MIL~STD-453 penetrameter, It
was subsequently necessary to radiograph the part again and a second
MIL-STD-4573 penetrameter was used. A difference was noted in the radio-
graphic quality of the two radiographs even though the exposure condi-~
tions were the game.

In one radicgraph the 1T hole was easily resolvable, however, in
the second radiograph the 1T hole was not detectable. In addition, the
per.etrameter contrast was much lower in the second radiograph. Conse-
quently, the two penetrameters were exposed side-by-side simultaneously
on the same film so that the exposure conditions were identical and the
film densities were measured. These densities were as follows:

Minimum Density At Density Adjacent

Resolvable Penetrameter To Penetrameter

Hole (H&D) (H&D)
Penetrameter A 1T 2.78 3.06
Penetrameter B 27 3.10 3.12

Next, the thicknesses of the penetrameters were measured and found
to be .007 and .0085 inch. The MIL-STD-L53 thickness requirement for a
.37 penetrameter is .0063 to .0077 inch. Tt can be seen that one of the
penetrameters exceeds the MIL-STD-453 tolerances even though it was
marked by the manufacturers as conforming to MIL-STD-453. The penetrameter
which exceeded the tolerance requirement was close enough to the maximum
allowable thickness to suggest that the MIL-STD-L53 thicknese range may
result in a deusity spread which 1s quite significant. It is possible
thet the MIL-STD-L53 tolerances are too large.

Based on these results, it would appear that MIL-STU-453 penetra-
meters do not provide for a consistent indication of the quality of a
particular radiograph with the present thickness tolerances. MIL-STD-
00453 presently requires that a minimum of .02 H&D density units
between the penetrsmeter image and the image adjacent to the penetra-
meter be obtained for a 2-1T radiographic qua.ity. Based on the
difficulties of measuring small density differ:nces and on the varia-
tion in penetrameter thicknesscs, it is questiccable if this is a
workable requirement no matter how desirabl-.
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It is also possitle that tighter tolerances on material types might
have to be imposed since X-ray transmission/absorption varies directly
with both thickness and density.

It should also be noted that there are no penetrameters manufactured
for use with thicknesses less than 1/4 inch. Since the cursent 1/4 inch
penetrameter is inadequate for defining contrast or detail for thin sec-
tion thicknesses, special penetrameters would be of great use for thin
section radiography.

The test program highlighted some information which is of practical
use for industrial radiography. One such example concerns the output of
constant potential X-ray machines when compared to self-rectified and
full wave rectified X-ray machines. Based on the electrical circuitry,
the output from a constant potential circuit to that from a self-
rectified circuit is significantly higher.

Helmshaw indicates in "Physics of Industrial Radiology" that self-
rectified circuiis emit X-rays with a maximum output at photon energies
corresponding to about 60% of the peask voltage applied to the tube and
constant potential circuits emit X-rays with a maximum output corres-
ponding to sbout T6% of the peak applied voltage. Thus it would ayppear
.hat the maximum emission from a self-rectified unit would be about T9%
as high as that from a constant potential unit. However, it was found
that, in practice, this relationship may be hidden because of factors
such as the effect of different target materials and different inherent
filtration due to tube windows, the conling medium sround the tube and
different ports. An example of this is shown in Table 19 where, for
R ! several step wedges and kilovoltages, the resultant film density is

: greater for the self-rectified X-ray machine than for the constant
potential X-ray machine under the same exposure conditions.

i TABLE 19
9 COMPARISON OF FILM DENSITIES FOR EXPOSURES UNDER THE SAME
! CONDITIONS WITH ISOVOLT 400 AND PG300 X-RAY MACHINES
i Thickness E Film Deunsity
%3;;3 kv (’I:APX:\;:;B Isovelt 400 PG300
. (in) {Constant Potential) | (Self-Rectified)
! 10 16 0.58 0.84
1 12 16| 16 1.26 1.64
5 60| 18 2.20 2.51
. S\'
. 1/a 120 16 1.50 2.03
140 16 2.96 3.47 )
1/8 120 16 2.66 3.31 g
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The common practice today is to express the radiographic quality
level in terms of the visibility of a penetrameter image on the film and
in terms of the smallest visible penetrameter hole on the film. For
example, a 2-1T quality level indicater that a penetrameter whose maxi-
mum thickness is 2% of the test part thickness is visible on the film and
that the penetrameter hole with a diameter equal to the penetrameter
thickness is also visible on une film. It is left up to the radiographic
interpreter to judge whether or not the penetrameter image and penetra-
meter hole is visible on the film and hence, the desireu quality level
has been achieved.

Sixteen radiographs of the step wedges were selected to measure the
variation iu Judgment from cne inspector to another as to the smallest
discernible hole in a penetrameter image on a radiograph. One of the
observess used was a laboratory technician whereas the remaining two
observers were production radiographic interpreters. All three people
have been qualified technically to Supplement A of SNT-TC~lA, Level II.
Each man was irstructed to record the smallest hole which he could see
in each penetrameter.

The radiographlic films were viewed with an illuminator equipped with
a variable controlled 1llght source capable of reading a film density wup
to 3.5. The illuminator had a minimum brightness capability of 30,000
candelas per square meter at the illuminator opal glass. For the actual
viewing of the films, the background illuminator adjacent to the 1llumi-
nator was approximately the same as the image on the film.

A total of 162 penetrameter images were examined by each man. Of
these, all 3 men recorded the same hole in 127 of the penetrameters.
The variation for the remaining 3% penetrameters is shown in Table 20

The data in Table 20 were examined to gee if any individual consis-
tently interpreted the hole image more conservatively than others. It
was found that Inspector A, the laboratory techuician, chose a hole
di ameter larger than that chosen by the other two people 43% of the
time. These percentages were 29% and 3% for the other two people.

Since acuity is a relative phenomenon, there can be no judgements
as to who is right or who is wrong. However, the subject was presented
to illustrate one of the pogsible differences which can result in two
evaluations of the same material even with optimum technique conditions.

The variation shown in Table 20 has a particular significance when
it is considered that it is also a suggestion of the variation to be
expected when actual radiographs of production parts are interpreted.
One man could conceivably reject a condition where another man would
accept it purely on a difference in visual abuity and judgement .

The data were examined to determine if the smaller penetrameter holes
were visible more often if the surface finiuh was 63 RM? as compared to
125 RMS. The date indicated that the surface finish wes not a signifi-
cant factor for the two finishes evaluated.
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i In conclusion, there are many radiougraphic factors which need tc bhe
[ controlled for reproducible radiographs. If penetrameter contrast

B measurements are to be used to properly control radiographic image con-

; trast, tighter tolerances may be necessary on the penetrameter thickness.
v Also, penetrameters for use with section thicknesses less than .24% inch
are needed for thin section radiography. Kilovoltage and beam spectrum
must also be contreolled in order to control radiographic image contrast.

A choice of kilovoltage as a function of thickness can produce dif-
ferent results from one X-ray machine to another. TFor example, the
actua. potential across the electron emitter and target is not directly

' messured by the voltmeter on the machine. Voltmeter accuracy must be
checiad ca a periodic basis to ensure reproducibility. Also, variations
in inherent filtration between X-ray tubes should be taken into con-
sideration. Fluctuations in line voltage due to plant workload can also
have an effect.

R T o R A TR AN

: TABLE 20
' VARIATION IN DETERMINATION IN RADIOGRAPHIC QUALITY &
: Smallest Detectable Hole Smallest Detectable Hole
Inspector | Inspector | Inspector | Inspector | Inspector | Inspector
' A B c A B c
1T 2T 17T 2T 17 17T
47 2T 2T 2T 4T 2T
4T 2T 2T 2T 4T 2T
! 17 1T 27 4T 2T 2T
! 2T 17 17 4T 2T 2T
' 2T 2T 1T 4T 2T 2T
; 20 2T 17 2T 47 oT
2T 1T 1T 2T 4T 2T
2T 1T 1T 2T 4T 27
2T 2T 1T 2T 4T 2T
2T 2T 1T 2T 47 2T
2T 17 1T 2T 4T 27
2T 2T 1T 2T 4T 2T
27T 1T 1T 2T 4T a7
2T 17T T 2T 2T 1T
27T 17T 17T 2T 1T 17
2T 17T 2T 2T 1T 1T
27 1T 2T

& The 3 inspectors detaectod the same holen 127 penetramoters.

P14 0117 v

e

!
5
. - . z
R B TP TTIC T VI VENY X YL RPNy YW




AT

PRI SR AT e R

sy

g,

s 2T,

AR e b i b IR R B s s e L L L e sy

3. ULTRASONIC METHOD

Several ultrasonic inspection parameters were investigated during
the program. These include the effect of surface curvature, the detection
of discontinuities located near the surface of the test article, and the
effect of variations in sound transmission characteristics of the reference
standard vs. those of the material to be tested. Also, an investigation
was made to improve ultrasonic inspection of titanium plate and thin
section machined parts.

w. Surface Curvature Compensation

Mapy titanium die forgings which must be ultrasonically tested
possess curved surfaces. Also, round bars and billets are frequentl;
ultrasonic tested. However, if the commonly used flat surface
reference standards are used, compensation for the curved surface
must be necessary c¢r erroneous results may be obtained., Without
correction, a dis-continuity in a production part may appear to be
smaller or larger than it actually is and a rejectable part may be
accepted or vice versa.

Consequently, & test program has been undertaken to study the
effect of convex and concave sound eniry surfaces.

Twenty-seven convex and thirty concave ultrasoric test specimens
have been fabricated to the Pigure 32 and 33 configuration. Several
radii of curvature and metal travel distances were used. The convex
specimens were sectioned from round stock of the appropriate diameter
prior to muachining. The concave gpecimens werce sectioned from 3 inch
thick plate with the 3 inch specimen dimension parallel to the 3 inch
plate thickness. After the convex and concave specimens were machined
and drilled, the hole depth, hole dismeter, and metal travel were
measured to establish that they were within tolerance. The hole
orientation and location were measured cn several selected gpecimens
to ensure that the drilling set-up had been correct. The flatnegs
of the hole bettom was checked optically.

A number of the larger diameter reference standards were fabricated
from aluminum. Testing was performed with these in order to deter-
mine 1f aluminum contour blocke can be used for inspecting titanium.
Obviously, fabricating a sel of aluminum contour surflace reference
standards would be less expensive than falricating titunium standards
due to lower material cost and machining costs.

A photograph of several concave specimens is presented in Figure

S

Flat surface reference standards, fabricated from 2-1/8 inch
diameter Ti-6A1-WV bar, were used in conjunction with the curved
specimens to ~ompare responses from the flat bottom hole (Figure 55).
This configuration was used to conform to the ASTM E127 configuration.
Priov to drilling the flat bottom holes to a depth of 0.5 + .050 inch,
the bar was cut into several T" long scctions and the 2-1/8 inch
diameter faces were machined flat and to o 63 rins or better rfinish.
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Flat Bottom * Flat Bottom
Flat Bottom Hole No. 2 Hole No. 3
Hole No. 1 B / / [\
A Top and
£0.010 Bottom
90° + 30’ surface [ 00 4 5
_‘*7__ Tvo o N Pml'all.el -
| H Within
978 A 215 0.001 / '
- A . ' 1 <
lee 1,5 otimfrane 1.6 1.5 1.5 —t i 32rms
6.0 ¢
Hole Bottom Must be Flat Within 0,001 in./1/8 In. and Located
Within 0.015 In. of Radial Axis
Material Radius, R A Hole No. 1 Hole No. 2 Hele No. 3
{Inches) {Inches) (*0.001) {* 0.0005) {t0.001)
,} 0.5 0.5 5/64 3/64 1/8
- 0.5 0.78 5/64 3/64 1/8
;‘ ; 1.0 0.5 E/64 3/64 -
j ! 1.0 0.75 5/64 3/64 -
Ti-6AI-4V 1.6 05 5/64 3/64 -~
1.6 0.75 5/64 3/64 -
1.6 1.26 5/64 3/64 -
2.0 0.5 5/64 3/64 18
2.0 0.76 5/64 3/64 1/8
r" 2.0 2.25 5/64 3/64 1/8
i 2.0 0.5 5/64 3/64 =
% 2.0 25 6/64 3n4 -
‘ 2.5 0.5 5/64 3/64 - B
: 2.5 1.00 5/64 3/64 - :
. 2.5 15 5/64 3/64 - ﬂ
X 2.5 2.5 5/64 3/64 -
" f 25 4.0 5/64 3/64 ~ i
' 3024 3.0 0.6 5/64 3/64 -
Aluminum 3.9 1.0 6/64 3/64 - 7
3.0 1.6 5/64 3/63 - 'g
3.0 2.5 5/64 3/64 - ;
3.0 4.0 5/64 1/64 - i
; 4.0 0.5 5/64 3/64 - 3
/‘. 4.0 1.0 5/564 3/64 - -
4.0 1.5 5/64 3/64 -
; 4.0 2.5 5/64 3/64 - 3
l‘ 4.0 4.0 5/64 3/64 - %
: 3
i 7 765 3
A F'GURE 32 GP14 OV L) 26 ,!
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Flat Bottom
Hole No. 1-L

Flat Bottom
/ Hole No. 2 /

L r——

b

1.5

1.6 —=]

6.0

Flat Bottom
Hole No, 3

Top and Bottom
Surface Parallel
Within 0.001

Hole Bottom Must be Flat Within 0.001 In./1/8 In. and Located
Within 0.015 In. of Radial Axis

Material Radius, R A Hole No. 1 Hole No. 2 Hole No. 3
(Inches) {Inches) (*0.001) (¥ 0.0005) {+0.001)
1/2 0.50 5/64 3/64 8/64
1/2 0.7 5/64 3/64 8/64
1 0.60 5/64 3/64 -
1 0.75 5/64 3/64 -
1 1.25 5/64 3/64 -
1-1/2 0.60 5/64 3/64 -
Ti-6A1-4V 1-1/2 0.75 5/64 3/64 -
1-1/2 1.25 5/64 3/64 -
1-1/2 2.25 5/64 3/64 -
2 0.60 5/64 3/64 8/64
2 0.76 5/64 3/64 8/64
2 2.25 5/64 3/64 8/64
2 3.25 5/64 3/64 8/64
2 0.50 5/64 3/64 -
3/64 -
2 2.50 5/64 3/64 -~
2172 0.5 5/64 3/64 -
2-1/2 1.00 5/64 3/64 -
2-1/2 1.50 5/64 3/64 -
2-1/2 2.50 5/64 3/64
2-1/2 4.00 5/64 3/64 -
2024 3 0.50 5/64 3/64
Aluminum 3 ‘ 1.00 5/64 3/64 -
3 1.50 5/64 3/64 —
3 2.50 5/64 3/64
3 4.00 6/64 3/64
4 0.50 5/64 3/64
4 1.00 5/64 3/64 -
4 1.50 5/64 3/64
4 2.50 5/64 3/64
4 4.00 5/64 /64
FIGURE 33 oy

CONCAVE CURVATURE REFERENCE STANDARDS
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FIGURE 34
CONCAVE ULTRASONIC SPECIMENS
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Better Permanent

\/ Identification
Mark

¢
! 63 rms or
|
l

XXHXXX

Metal
5 Travel

/— Flat Bottom Hole

Material: Ti-6Al-4V

GP74-0117 268

FIGURE 35
FLAT SURFACE REFERENCE STANDAKD
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In order to select pieces which were closely matched acoustically,

immersion straight beam through-~transmission tests were performed

on each piece by sending the sound beam parallel to the T inch
. axis. A 3/4 inch diameter, 5 MHz S17Z search unit was used as a
i receiver. During these tests, it was noticed that, in some pieces,
‘ the sound was attenuated more in one direction than in the other.
For the majority of the specimens, the difference wag rm the order
of 2dB but, for a few, the difference was as much as 6i¢J3. This
difference in attenuation with direction may be due to such factors
as a preferential grain pattern and the prior working history of
the bar. This data serves to emphasize the sound transmission
differences that can occur between, say, the reference standard
and the part to be inspected during a normal production ultrasonic
inspection, and also between different sets of reference standards.
Obviously, correction for these differences is desirable.

The curved surface testing was performed using straight beam
immersion techniques. Initially, a flat surface reference standard
was placed in the water and the immersion search unit was adjusted
to a 3 inch water path. A 3 inch water path was selected because
it represents a common industry water path used for production
ultrasonic inspection. The choice of the 3 inch water path caused
all the testing to be performed in the near field. Testing was
performed with the reject nontrol and the damping control off. Next,
the search unit was positioned and angulated to maximize the response
from the 3/64 diameter flat bottom hole in the flat surface standard
} and the instrument gain was adjusted to bring the response from the
i flat bottom hole to 80% of saturation. The dB setting at this point
f was recorded. Then the search unit was positioned over a curved
3 surface specimen containing a 3/64 inch diameter flat bottom hole at
i the same metal travel distance and the gain was changed in order to
3 bring the hole response to 80% of saturation. The dB required to
; bring the response to 80% of saturation was recorded. From the data
recorded, the decibel difference between the responses and the respounse
ratio (flat surface/curved surface) were calculated.

TR

T

The ultrasonic instrumencs and search units used for the investi-
gation are listed in Table 21.

The data developed during the above testing was given an adjust-
ment for any differences in sound transmission characteristics between
the titanium flat surface reference standard and the titanium curved
surface test specimens. 'These differences might result from differ-
ences in grain structure, prior working history, surface finish, and
heat treatment. As shown in Figure 36, a piece was removed from
that concave specimen with a 2-inch radius and 2.25-inch metal travel.
The response from the flat bottom hole was maximized and adjusted 1o
80% of full saturation. Next, the search unit was moved to the flat k
surface reference standard with an identical metal travel and the
dB required to bring the response to 80% of full saturation was
measured. The dB difference between the two responses was measured

v
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TABLE 21
ULTRASONIC INSTRUMENTS AND TRANSDUCERS USED FOR
CURVED SURFACE STUDY
Ultrasonis
Instrument Transducer
3/4 in. Dia, 6 MHz, Aerotech &
1/2 in. Dia, 6 MHz, Aerotech &
1/2 in. Dia, 5 MHz, SI1Z (S/N 18268)
Branson 600
3/4 in. Dia, 2-1/4 MHz, v (S/N 10595)
3/4 in, Dia, 6 MHz, SIL (S/N 21263)
K 3/4 in, Dia, 5 MHz, SIZ {S/N 21269)
5 1/2 in. Dia, 5 MHz, S1Z (S/N 18268)
Sperry UM-715 3/4 in. Dia, 5 MHz, SIZ (S/N 21269)
'; 3/4 in, Dia, 5 MHg, SIL (S/N 21263)
) GP74.0117-784
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Concave Specimens

< o
= ////] \_,/

N

63 rms or Better
/ 63 rms or Better

5/64 in. Dia Flat
Bottom Hole -—\

3% in. 3% in.

4 L=

I \-— 5/64 in. Dia

Flat Bottom Hole

-2 in, =

3.75in.

Convex Specimens

63 rms or Better

P
d Tra
Sound Travel 63 rms or better

P

\ Sound Travel ¥
%E“ P14 0117 200 llg
FIGURE 36
TESTS TO ESTABLISH DIFFERENCE IN SOUND TRANSMISSION 4
kg CHARACTERISTICS !
i ;
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to be 7 dB. BSince all the concave specimens were fabricated from
one piece of 2 inch thick plate, the data for the concave specimens
were corrected by 2.15 dB per inch of metal travel.

Correctivon for convex specimens were made by adjusting the back
reflection thrcugh a 6 inch long flat surface reference standard to
80% of full saturation and noting the dB required to bring the back
surface response in the convex specimen to 80% of full saturation
(see Figure 36). It was found that dB difference was so small that
data correction was unnecessary for the convex specimens,

The results of the testing are shown in Tables 22 and 23. The
general shapes of the piots of decibel difference as a function of
radius of curvature for concave and convex surfaces are shown in
Figure 37. It should be pointed out that decibel measurements were
made because of the difficulty in accurately measuring small ampli-
tude heights directly off a cathode ray tube screen.

As can be seen from the test data, the response from the at
bottom hole was always less with a convex sound entry surface than
with a flat sound entry surface; that is, the decibel dif'ferecne
was always positive. Consequently, during a normal production ultra-
sonic inspection, a discontinuity will appear smaller than it actually
is due to the influences of a convex sound entry surface. The data
presented indicates that the amplitude of the response due to the
convex entry surface can be as small as 10% of the response with a
flat sound entry surface over a metal travel range of 1/2 to 3-1/L
inches.

It is significant that the decibel difference varies as a func-
tion of radius and metal travel for this implies that a total correc-
tion for curvature can only be made after the discontinuity is located.
consequently, an ultrasonic inspection of a production part in the
areas with a curved surface of a particular radius should be conducted
at a scanning gain high enough to ensure the detection of all discon-
tinuities at that radius regardless of their depth location. Then,

a second evaluation should be made using the appropriate scanning
gain corrections as a function of the metal travel to determine the
true size of the discontinuity.

The hole responses from specimens with concave sound entry surfaces
were sometimes less and greater than those specimens with flat entry
surfaces depending upon the concave radius and metal itravel distance.
The sound beam conversges after passing through the concave water/
metal interface. The maximum reasponse from a reference reflector
within the metal would oceur a* a metal travel equivalent to the
focal distance.

Typical variations in dec.pel difference as a function of search
unit sre shown in Figure 38. Two ultrasonic instruments are also
represented. The curves in Figure 38 were all for *he responsc
from a 5/6k inch diameter hole at a 3/4 inch metal travel. As can
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TABLE 22
RESPONSE RATIO OF FLAT SURFACE RESPONSE (lf) TO CURVED SURFACE
RESPONSE (l¢} - TITANIUM SPECIMENS
Ultrasonic Instrument - Branson 600
Reflector - 3/64 In, Dia Flat Gottom Hole
3/4 In. Dia, BMHz, Aerotech

Concave Convex
; Metal | Radius of b - | I¢ Metal Radius of e - | i
| Travel | Curvature | 'f-'c | —- Travel | Curvature | 'f-'c -
! (in.) (in.) {dB) | I¢ (in.) (in.) (aB) Ie
Y 13 4.50 Ya 9 4.50
-3 0.70 1 2.60
Y ! % 8
1% -18 0.13 1% 4 1.60
2 -2 0.80 2 3 1.40
% Al A % 9 | 280
% 1 12 4 % 1 13 4.50
‘ 1% 3 1.40 ‘ 1% 11 | 350
2 -7 0456 2 1 3.80
.00 - —
% 1 18 8.0 1% 1
1Y 7 2.20 1% 156 5.50
| 1% 1 3.50 1% - -
2% Y
! 2 7 2.20 2 2 - -

A Rasponse from flat bottom hole couid not be separated {rom spurlous indications,

GP74 0117 296
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (1f) TO CURVED SURFACE
RESPONSE (l¢) - TITANIUM SPECIMENS
1/2 In. Dia, BMHz, Aerotech «

Concave Convex
Metal Hadius of -1 i¢ Metal Radius of bt If
Travel | Curvature f d ;’ — | Travel | Gurvature fole |
(in.) (in.) (@B | ig | (in.) (in.) (dB) | g
Ya 15 5.50 Ya 17 7.00
” 1 3 1.40 Ya 1 10 3.20
(]
1Y -6 0.50 1% 7 2.20
2 -2 0.80 2 5 1.80
% A | A % 21 {11.00
% 1 13 4.50 % 1 15 5.50
1% 8 2.50 1Y% 12 4.00
2 2 1.26 2 10 3.20
” 1 15 | 850| 1 n -
' 1% 11 | 3.50 * 1% 16 6.30
1 1
% 1% 17 7.00 M 1%
2 13 4.50 2 B

A Response from flat bottom hole could not be separated from spurious signals.
GP74 Q11 /-204
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (If) TO CURVED SURFACE

RESPONSE (l;) - TITANIUM SPECIMENS
1/2 In. Dia 5BMHz Lead Zirconate Titanate Search Unit (S/N 18268)

b et UG Gl R AR

Concave Convex
Radius Radius
Matal of lelg g/ Metal of Iple /e
Travel Travel
. Curvature (dB) ) Curvature ‘de)
{in.) . {in.) \
{in.) (in.)
1/2 10 3.2 1/2 13 4.5
1/2 1 2 1.25 1/2 1 9 28
1-1/2 ~10 0.32 11/2 6 2.0
2 -4 0.63 2 4 1.6
12 A\ AN 112 16 6.5
3/4 1 10 3.2 1/2 1 13 45
1-1/2 1 1.1 1.1/2 9 28
2 -6 0.5 2 7 2.2
1-1/4 1 16 6.3 1.1/4 11/2 14 5.0
1-1/2 8 2.5
21/4 1-1/2 12 4.0
2 8 2.5

Aﬂnpnnu from tlat bottom hole could not be separaced trom spurious indications

3/4 In, Dia 2-1/4 MHz Ceramic Search Unit (S/N 105965)

Concave Convex
Metol | Radius of | Ig-¢ Mete' | Radits of | Ip-I¢
Travel | Curvature | (4B) Ip/ic | Travel | Curvatu.e {4B) leNe
(in.) {in.) (in.} {in.)
1/2 9 2.80 1/2 7 2.20
1 2 0.80 1 3 1.40
1/2 1/2
11/2 -8 0.40 1-1/2 6 2.06
2 5 0.56 2 6 2.00
2 | A A | A | A
3/4 1 4 1.60 3/4 1 8 2.50
1-1/2 0 1.00 1-1/2 9 2.80
2 5 0.56 2 7 2.20
) 1 1 3.50 1i/4 1-1/2 12 4.00
L”/Z 1172 3 |14 |

Nirtes.
1
|

le Response from flat huitam oole could not be sepatated trom spurnous indications

F Flat surface rasponsa

c Curved surface response

88
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (l§) TO CURVED SURFACE
RESPONSE (l;) - TITANIUM SPECIMENS
3/4 In. Dia 5BMHz LiSO4 Search Unit {S/N 21263)

Concave Convex
4 Metal | Radiusof | |_, Metal | Radiusof | |
g|\ Travel | Curvature (:B(): Ig/lc | Travel | Curvature (FdB(): \e/lg
o {in.) (in.) (in.) {in.)
3 1/2 5 | 1.80 vz | 7 | 22
<, — : 7 2
£ /2 1 6 | 056 | ., 1 2.2
g; 1.1/2 ~-16 | 0.16 11/2 5 1.8
2 -10 | 0.32 2 4 1.6
| e A TA 2 | AN 1A
- 1 7 | 220 1 8 25
i 3/4
3 ; 3/4 11/2 2 [z | Y 172 | 9 ! 28
2,) | 2 -6 | 050 2 5 | 1.8
) Notes: GPI4 0V 200
‘ 1g = Flat surface response
J' .C = Curved surface rasponse
‘i‘f": l A Response from fiat botton hole could not be ¢aparated from tnurious Indications
3 :
' | 3/4 In, Dia BMHz Lead Zirconate Titanate Search Unit (S/N 21269)
f Conccve Convex
| Metal | Radiusof | |, Metal | Radius of | |
Travel | Curvature ::!B(): Ig/lc | Travel | Curvature (ZB(): Iglic
(in.) {in.) § (in.) {in.)
1/2 8 2.50 1/2 9 2.80
/ 1 -1.56 1§ 0.85 12 1 8 2.50
12 1.1/2 -16 0.14 1.1/2 4.5 1.70
2 -15 0.18 2 4 1.60
112 AT A 12 18 | 8.00
34 i 15 5.60 /4 1 10 3.20
1-1/2 2 1307 ™ 1.1/2 1 3.50
2 -5 0.56 2 8 2.50
1 2 10.00 19.5 .5
1.1/4 0 14 | 1472 95 | 950
1.1/2 1 3.50
1. .
2.1/4 1/2 12 4.00
2 0 1.00
214 | 2 75| 240
-s Not m'Ml)H/)l_ll
3 otas
3 lg  Fiat surface response
N e Curved surtace rasponse

A Rasponse trom tlat bottom hota could not be separatad from spunious indications
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TABLE 22 (Continued)
RESPONSE RATIO OF FLAT SURFACE RESPONSE (Ig) TO CURVED SURFACE
RESPONSE (i¢) - TITANIUM SPECIMENS
Ultrasonic Instrument - Sperry UM-7156
Reflector - 3/64 In, Dia Flat Bottom Hole
1/2 In, Dia, 5MHz, S1Z (S/N 18268)

Concave Convax

i M Radius Radius

T || of. Ig-1g ¢ -:-htdl ofu gt .|1
";:")' Curvature | (dB) Ie ('i::'; Cucvature | (dB) le
:. N | * (in.) ' (in.)

i % 7 2.20 % 1 3.50
| ‘ 1 -1 0.90 1 8 2.50

ER % Y%

i 1% -9 0.36 1% 5 1.80
2 -1 | 090 2 5 | 180
: % 23 | 1040 % 14 5.00
3 y 1 9 2.80 y 1 10 3.20
g ‘ 1% 1 1.10 ! 1% 9 2.80
t 2 -5 0.56 2 6 2.00
.;y, N
" 1 16 6.0 " 1 - -
1% 9 2,80 1% 13 4.50
q % 10 3.20

3 2%

) ‘ 2 7 2.20
Tﬁ 3% 2 6 2.00

:' G4 UYL 2 2UR
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TABLE 22 (Continued)

RESPONSE (lg) - TITANIUM SPECIMENS
3/4 In. Dia, 5MHz, SIZ (S/N 21269)

P i Aty

Concave Convex
Radius Radius
#::‘:" of |I e I¢ #:::‘. of -1 l¢
e A R R L R e
Y 10 3.3 % 10 3.2
y 1 -3 0.7 . 1 6 2.0
! 1% -12 | 026 : 1% 6 1.8
2 -7 0.45 2 3 14
% A | A Y 16 6.3
1 9 2.8 1 12 40
¥ %
1% 2 1.26 1% 12 4.0
2 -1 0.9 2 10 3.2
1 16 6.3 1 - -~
1% 1Y%
* 1% 9 2.8 ! 1% 16 6.3
) 1 - —
ou 1% 18 8.0 - 1%
2 19 9.0 2 - -
% 2 9 2.8 - - -~ -

A Response from fiat bottorm hole could not be separated from spurlous indicstions,

GP74 0117 30u
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TABLE 22 (Continued)

bl had s 46

RESPONSE (l¢) - TITANIUM SPECIMENS
3/4 In. Dia, 5MHz, SIL (S/N 21263)

AT AL ey LBy

RESPONSE RATIO OF FLAT SURFACE RESPONSE (l¢) TO CURVEC SURFACE

Concave Convex
Meta! Radius Metal Radius
Travel of etg | 1 Travaal ot lolg | 1t
(in.) Curvatura (dB) le {in.) Cutvature (d8) I
(in.) {in.)
Ve g 2.80 Ya 7 2.2
1 - . 2.2
" , 2 | 080 " 1 7
1% -13 0.22 1Y 5 1.8
2 -1 0.90 2 4 1.6
Y A A % 8 2.5
" 1 Vi 2.290 % 1 9 2.8
‘ 1% 3 1.40 )y 1% 8 2.6
2 ~7 0.4b 2 7 2.2
1 16 5.60 1 - -
) Y
1 1% 13 4.50 T 1% 19 9.0

/1\ Response from tlat bottom holy could not he separated from spurious signals.
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TABLE 23
RESPONSE RATIO OF FLAT SUKFACE RESPONSE (1) TO CURVED SURFACE
RESPONSE (1) - ALUMINUM SPECIMENS

!
|
&
|
!
|
i
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Ultrasonic Instrument - Branson 8§00

Reflector - 3/64 In. Dia Flat Bottom Hole

3/4 In. Dia, 5MHz, SIL (S/N 21263)

Concave Convex
Radius Radius
[ Metal |
#:::: of - ')c 2| Travel c Oft '(fd;)c R
Curvature (dB I : urvature i
(in) {in.} ¢ (in. {in.) ¢
2 -1 0.28 2 7 2.2
2% -8 0.40 2% 5 1.8
Y% Ya
3 -7 0.45 3 6 2.0
4 -3 0.70 4 3 1.4
2% 1 1.10 2% 11 3.;
1 3 -4 0.61 1 3 10 3.2
4 ) 0.566 4 8 2.5
2% 6.6 210 2% 11.5 3.7
1Y% 3 6.5 1.90 1% 3 1156 | 3.7
4 -0.5 0.96 4 8.5 2.7
2 13 2 16 6.6
2% 10 3.20 2% 11 35
} 2%
2% 3 10 | 3.20 ! 3 1 35
4 7 2.20 4 10 3.3
2% 12 4.00 2% 12 4.0
4 3 10 3.20 4 3 12 4.0
4 10 3.20 4 1 3.5
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TABLE 23 (Continued)

Ultrasunic Instrument - Branson 600

Reflector - 3/64 In. Dia Flat Bottom Hole

3/4 In. Dia, 5MHz, S1Z (S/M 21269)

RESFINSE RATIO OF FLAT SURFACE RESPONSE (lg) TO CURVED SURFACE
RESPONSE (1) - ALUMINUM SPECIMENS

Concave Convex
Radius Radius
Matal of gt | M [ Matal of -tg | M
(i “')' Curvature | (dB) i ('i:"; Curvature | (dB) b
’ (in.) g . (in.)
2 -10 0.32 2 5.6 1.90
2% -8 0.40 2% 45 1.70
Ya Ya
3 -6 0.50 3 3.5 1.50
4 -3 0.70 4 3 1.40
2% ~2.6 0.76 2% 7.5 2.30
1 3 -6 0.60 1 3 6.6 2.10
4 =7 0.45 4 b 1.80
2% 6 2.00 2% 12 4.00
1% 3 4 1.60 1% 3 11 3.60
4 -2.5 0.75 4 8 2.60
2 12,6 4.20 2 136 | 4.70
2% 1.5 3.70 2% 1.6 3.70
1, 1,
2% 3 10 3.20 2% 3 " 3.50
4 7.5 240 4 10.6 3.30
2% 12 4.00 2% 13.5 4.70
‘ 4 3 1" 3.50 4 3 1.6 3.70
: 4 10 3.20 4 1 3.50

GP14 0V17 206
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b TABLE 23 (Continued)
/{ RESPONSE RATIO OF FLAT SURFACE RESPONSE (1) TO CURVED SURFACE
. RESPONSE (l¢) - ALUMINUM SPECIMENS
E "Jitrascnic Instrument - Branson 600
¥ Reflector - 3/64 In. Dia Flat Bottom Hole
: 1/2 In. Dia, 56MHz Aerotech o
:
I8
!: Concave Convex
Maetal Radius Ig-1 I¢ Metal Radius of If-1 I
! Traval Cur::mre (da)c -— Teavel | Curvature (dB)c -
‘ {in.) tin.) le {in.) {in.) lg
2 -7 045 2 7 | 220
2 2% -5 0.56 2% b 1.80
k. Va . Y
? 3 —4.5 0.60 3 4.5 1.70
- 4 -4 0.64 4 U a |160
2% -2 0.80 2% 11 | 350
g 1 3 -3 .70 1 3 9 2.80
}g‘; 4 -3 0.70 4 7.5 2.30
% 8 2,00 2% 9 | 280
1% 3 6 2.00 1Y% 3 9.6 3.00
3 4 -1 0.90 4 7 2.20
; 2 13.5 4.70 2 12 4,00
A 2% 9 2.80 2% 11 | 380
d 1, 1
2% 3 o | 280 2% 3 10 | 3.20
4 6 2.00 4 9 2.80
2% 10 3.20 2% 11 3.50
4 3 9 2.80 4 3 9 2.80
4 10 L3.20 4 9 287
V QP4 011} 203
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FIGURE 38
VARIATION IN dB DIFFERENCE AS A FUNCTION OF SEARCH UNIT AND
ULTRASONIC INSTRUMENT (TiTANIUM SPECIMENS - 3/64 IN. DIAMETER
FLAT BOTTOM HOLE - 3/4 IN. METAL TRAVEL)
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VARIATION IN dB DIFFERENCE AS A FUNCTION OF SEARCH UNIT AND
ULTRASONIC INSTRUMENT (TITANIUM SPECIMENS - 3/64 IN. DIAMETER
FLAT BOTTOM HOLE - 3/4 IN. METAL TRAVEL)

ot bm e s - e SRR T A

o 2 el 5 D i S

b i s " .
PR E s 35 bt e im0



R Y LR RN Y A RN T R I 2 R DI R AR I A R Y - B R 4 I LN B N O S G Nr  Sr — -

be seen, the variation is quite large auv several of the radius values.
For example, there is an 8 dB difference in correction between the
1/2 inch diameter, 5 MHz, Alpha search unit and the 3/bk inch dismeter,
5 MHz, SIL search unit for a convex radius of 1 inch. The variation
in slope as a function of search unit is probably due to beam

spread variations. The large variation in correction values for
contour surfaces as a function of search unit and ultrascnic instru-
ments suggests that development of correction curves may be diffi-
cult. It appears that a new set of correction curves would be required
for each selection of equipment. A more reasonable approach might be
the direct use of curved surface reference standards during the
actual ultrasonic inspection of production parts.

e g i AT T IR

hAs mentioned previously, both aluminum and titanium convex and
concave blocks were fabricated with a 2 inch radius of curvature
and a 1/2 inch metal travel. In order to study the feasibility of
using aluminum contour blocks in the ultrasonic inspection of titanium,
the following tests were performed. The titanium and aluminum con-
tour blocks, along with titanium and aluminum flat surface ASTM-type
reference standards, were placed in the immersion tank. All six
pieces contained a 3/64 inch dimmeter flat bottom hole at a 1/2 inch
metal travel. In each of the six blocks, the hole response was
adjusted to 80 percent of saturation and the dB setting was recorded.
These tests were repeated for 4 search units. In all cases, the
decibel difference between the aluminum flabt svrface response and
the aluminum curved surface response was within 2 dB of the decibel
difference for titanium. These results indicate that the material
difference (aluminum versus titanium) does not affect the sound beam
refraction sufficiently to invalidate the use of aluminum standards
when inspecting titanium providing adjustment is made for surface
; finish differences. Further, evidence to support this conclusion
b can be devived from a theoretical plot of the focal distance as a
i function of radius of curvature for concave surfaces in aluminum and
titanium (see Figure 39). There is little difference between the focal
distance for aluminum and titanium which indicates that the sound
beam is affected in essentially the same way by the concave surface
in both aluminum and titanium.
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Typical curves fur one search unit and radii from 1/2 to 4 inches
are shown in Figure 40. As can be seen, the effect of the concave
and convex surfaces are still quite evident at a radius of U inches.
Obviously, the radius of curvature at which correction is no longer
necessary is greater than 4 inches.

An examination of the data can be of use in Zesigning a8 set of
contour surface reference standards for use in u production ultrasonic
inspection. It appears that it is not necessary to fabricate a set
which contains all the radiil and metal travels which are to be encount-
i ered. For example, with a 1/2, 5 MHz, Alpha search unit, there is
i very little variation in dB difference for convex radii of 2-1./2, 3,

?: and b inches at a metel travel of 1/2 inch. Consequently, a convesx




Focal Distance, F - in.
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Where V4 = Velocity in Water = 1.49mm/sec

Vg = Velocity in Aluminum = 6,.35mm/U sec

Concave Radius, R - in.

FIGURE 39
FOCAL DISTANCE vs CONCAVE RADIUS OF CURVATURE
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Or Vg = Velocity in Titanium = 6.1mm/jsec Titanium
// Aluminum
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FIGURE 40

DECIBEL DIFFERENCE BETWEEN FLAT SURFACE RESPONSE AND CURVED
SURFACE RESPONSE AS A FUNCTION OF RADIUS AND METAL TRAVEL
(3/4 IN. DIAMETER, 5MHz, SIL SEARCH UNIT)
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entry surface reference standard with a 3 inch radius and 1/2 inch
metal ravel could be used to inspect all radii from 2-1/2 to 4

5 f inches »f a 1/2 inch metal travel. Of particular interest, and
corcern, are those combinations of concave radil and metal travels
which result in negative decibel differences. Here the differences
can change very rapidly with small sariations in either radius or
metal travel. Differences between search units, even of similar
type, are likely to be large as well.

b. Near Sur'ace Resolution

The resolution of discontinuities near the souad entry surface
is a factor that shou'd be considered during straight beam immersion
ultrasonic inspestion. Resolution is sometimes difficult or impos-
sible due to the mszritude of the response from the weter/metal
interface. Variation of test parameters, such as test frequency, can
result in improved near surface resolution. (A higher frequency
', results in a narrower water/metal interface spike on the cathode ray
o tube (CRT)). Other considerations, however, must be taken into account.
g: For example, it may wnot be possible to test through the entire thick-
. ness of the part du - to increased attenuation. Also, surface finish
v and mill product form may have a significant effect on the problem

S ' In order to gain = better understanding of the near surface
resolution capabiiivies of the straight beam immersion test, a program
was conducted to determine the effects of product form, surface finish,
and test frequency on near surface defect resolution.

R

(1) Specimen Fabrication

o=

Ultrasonic test specimens were fabricated from 2 and 4 inch
thick as~rolled Ti-6A1-L4V plate, 5 inch thick Ti~6A1-4V die forging.
The forged pieces were sawcut from a production die forging (see
Figure 41). Several sections were sawcut from each as shown for
the plate in Figure 42. The as-received surfaces were kept intact
and ultrasonic cpecimen; were fabricated according to the Figure
43 configuration. The sound metal travel distances were as shown
in Table 24. Photographs of the specimens are shown in Figure Lk,
After the testing was performed upon the as-received specimens,
the as-received surfaces were machined to a 125 rms or better
finish on several of the specimens. Further testing was performed
to study the near surface resolution capability in final machined
parts.
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FIGURE 42
NEAR SUR=ACE RESOLUTION SPECIMENS - AS-ROLLED PLATE

104

rians a5 e s TS PREIEET 2 e MR T e A 5 0 T WL S

i)
At B er by By s 013 AR b3 v, it it € o A Ay S



R R A A R A R B R SR GRS Rk foee e Ll B biie ol St wace b s Loy ERatioaiion b vt b .0

/— As-Received Surface

B
e
£ T +0.010
E‘? l 90° + 1/2°

n m
E{( 0.75 b L] po-biay
?‘ f l | \—32 rms or Better
' 3/64 Dia Flat Bottom Hole -\ /—5/64 Dia Flat Bottom Hole
. .

|

A 20

B ! r

1.0

. }

» J -—1 ‘0—.--.— 1 _0 -t

)
L}Vf - 3.0
‘ Notes:

1. Hole dia tolerance is £ 0.0006 in,

o 2. Hole bottom must be flat withii. 0,001 in. per 1/8 in.

9 3. Hole must be straight and perpendicular to antrv surface within 1/2° and
locatad within 0,010 in, of longitudinal axis
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: “I*.”URE 43
' NEAR SURFACE RESOLUTION SPECIMEN CONFIGURATION
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TABLE 24

SR S ol 5 20

METAL TRAVELS USED FOR NEAR SURFACE RESOLUTION STUDY
Metal Travel (in.)
‘5' : Product Specimen
o ! Form No. As-Received Machin
l}f‘; : Surface Surface /3
[ ! B
E As-Rolled 14 335 A\ 3.31
4 in, Plate
244 2.00 -
34 1.00 -
44 0.80 -
5-4 0.40 0.37
64 0.26 017
74 0.125 0.08
As-Rolled 12 126 2\ 1.19
2 in, Plate
22 1.00 -
3-2 0.50 049
4-2 0.40 0.38
5-2 0.25 0.20
6-2 0.126 0.11
As-Forged F-3-6 436 2\ 4.27
P 10d 2%F-35 2.50 -
08-F-3-5 0.80 0.41
06-F-3-5 0.60 0.21
04-F-3-6 .40 0.15
02-F-3-6 0.20 -
|
' 0126-F-3-5 0.126 0.10
" . Dimaensions are approximate,
E , 2\ Both the sound entry surface and the surface opposite
n} ) are in the as-receivad condition, GPI8-0017 143
! A Both surfaces ware machinud,
:
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NEAR SURFACE RESOLUTION SPECIMENS PN
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F'GURE 41 G4 01V 260
DIE FORGING USED FOR NEAR SURFACE RESOLUTION STUDY

() Tenting of Aserocoived Motorind

The Leot, specimens wilh acerolled and as=lorpged surlfaces were
Lested with Boseparate Clab transduerrs. These weres (1) /0 ine
Abmetor, S M, old, () 1/2 inch diameter, & Mz, «a, (3) /8 inch,
Iy Mite, Uil and (W) /W dneb, & Mis, o0Le The 3/0 ‘neb, 9 Mile,
Ol Lrancducer was chosen as being representative off Lhe trans-
ducers uaed Lo ingpeet raw forgings and plabe by Lhe supplicrs,  The
other Lransdacers were chosen for comparative purposcs Lo meanurce
the offect off diameter, frequepey, and malerinl Lype on near surfuace
resolut fon,  Two nlbrasonic instruments which arce commonly wsod in
ftebiitry wore used for comparative parposes. These were Lhe Branson
GOO ned Lhee Uperry UM<,
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Prior to any testing, the vertical and horizontal linearity
of the systems were determined according to ASTM E317-68. The
upper linearity limit was greater than 95 percent of the vertical
1imit, the lower linearity limit was less than 10 percent of the
vertical limit, and the horizontal linearity rance wo: greater
than 85 percent of the horizontal limit as bes: . he measured
with the ASTM E317-68 method. The search unit 3 “ile data, cbtained
upon purchase of the search units, were examined to confilrm thut the
peak radiated frequency was within * 10 percent of the specifird
frequency.

The testing performed on the specimens from the U inch thick
plate was typical of the testing performed on the other pieces.
Initially, all seven of the 4 inch plate test specimens werce
placed into the lmmersion tank. The search unit was adjusted to
the choren water path and angulated to maximize the response from
the 3/6k inch diameter flat bottom hole. A 3 inch water path
was used for the majority of the testing since this is commonly
uged in industry. A 9 inch water path wag also investigated in
order to see if the near surface resolution could be improved by
testing the holes outside the near field of the sound beam. The
testing was performed using the distance - amplitude correction
(DAC) curve method which is often used in the ultrusonic inspec-
tion of airframe components. The test specimen in the get of
seven which exhibited the maximum response was seclected. The
response from that hole wuas ndjusted to 80% of saturation. Then,
without changing the gain, the seuarch unit was moved to each of
the other specimens and Lhe necar surface regolution was determined
by noting the minimum distance betwecen the sound entry surface
and the flat bottom hole that produced a first-echo indication
vhose leading edge met the horizontal sweep line. The amplitude
of' the response at each metal travel wuy aluso recorded. It Is
recognized that, ln actuul pructice, that first echo indications
can sometimes be resolved cven L they do not meet the horizontal
sweep line. lHowever, in order to perform a reproducible test,

the designated convention was chosen,
& The testing was then repeated using a 5/64 inch diametoer
1 flat bottom hole in each specimen.

The near surfuce resolution capabillty as a function ot
product form, instrument, and scavch unit is summarized in Tables
- 25 und 26. Por these test purposces, Lhe near surface resolution
{ must bhe expreussed as a range since the metal trovels investigated
2 were varied in only a few ilncrements. Tor example, n ncar surface
4 resolution of .12% to .25 inch would resmlt from o test whore
the flat bottom hole was resolvable at 2% inch but not at 109
inch.

An examination of the data presented in Tables 2% and 96 rovenls
' several important points. In geveral cases, the near surface roso-
lution was improved by lengthening the water path from 3 inches to

9 inches when testing with the 3/4 inch diameter, % MHz 019 earch

! unit. The hole was located in the {ar ficld of the gound bemun wilh
a 9 inch water path, uand, presumably, Lhis improved the near sur-
face resolution capability since the sound bemn o more coherent

? and interference=free in Lhe far {iceld.
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TABLE 25
NEAR SURFACE RESOLUTION OF AS-RECEIVED SPECIMENS (3/64
INCH DIA FLAT BOTTOM HOLE RESPONSE)

AR SARLANREN by b Sritcabaichs Ui B R AR WS LS £ 5 Al i il B aich Ratd A AL AN LR LA SACH A ALY AR I SR

Branson 600 Sperry UM-715

Product F 3/4in.,5 MHz, | 3/4in., 6 MHz, |1/2in., 10 MHz,| 3/8 in., 15 Mtz 3/4 in., 5§ MH3,
ot Form 1 a1z @in, | siz.9in. | SIZ(3in. | SiL @Qin. | SIL, (3in.
Wator Path) Water Path) Water Path) Water Path) Water Path)

4 in. Plate 0.26 to0 0.40 [0.125 to 0.2%]0.125 t0 0.26| 0.125 tv 0.256| 0.25 t0 0.40

2in. Plate 0.25 to 0.40 1 0.26 to 0.40 [0.125t0 0.26( 0.125 to 0.26| 0.26 t0 0.40

Die Forging | 0.20 to 0.40 | 0.20 to 0.40 [0.125 to 0.20| Less than 0.20t0 0.40

A A A |0 A A

{1: Response from largest metal travel was less than 10% of saturation

TABLE 26
NEAR SURFACE RESOLUTION OF AS-RECEIVED SPECIMENS (6/64
INCH DIA FLAT BOTTOM HOLE RESPONSE}

QPr4.001 7142

Branson 600 Sperry UM.715
Product Form | 3/4in., 6 MHz, | 3/4 in,, 6 MHz, |1/2 in., 10 MHz,{ 3/8 in, 156 MHz | 3/4 in,, 6 MHz,
SIZ, (3in, SIZ,(9in, 812, (9in, SIL (3in. SIL, {3in,
Water Path) Water Path) Water Path) Water Path) Water Path)
4 in, Plate 0.26t0 0.40 | 0.126 t0 0.25|0.126t0 0.26| Less than 0,126 t0 0,26
A A 0.126 A\
2 in. Plate 0.26 t¢ .90 1 0.126t0 0.2610.126t0 0.26( Less than [0.126t00.25
0.126
Die Forging | 0.20 to 0.40 [ 0.20 to 0.40 |0.125t0 0.20} Less than 0.20t0 0.40
A A Ay 0126 A | A

A Response from largest matal travel was less than 10% ~f saturation

110

aP14.0117 111

A S B

e S A et ek M

AR T

PP P SR I L



T T TR T TR T

E |

B R L T B o et v v, . Lt e M A

As might be exn.ecct.d, tie usc of higher test Urequencies
also improvec the near suari’uce resolution capability since the
water/metal interface spike i3 nurrowed with higher frequencies.
However, in s#veral cases. the response from the flat bottom helc
at the greatesc¢ metal t:ravel in the set was less than 10 percent
of full saturation, This would indicate that if, during a normal
inspection, the scanning gain is established by adjusting the
response from the fleat bottom hole exhibiting the maximum responsc
te 80% full saturation, it would not be possible to detect the
same gsize defects throughout the full thickness of the part. This
situation was found t> occur in both the die forging and 4 inch
thick plate. 1In order to properly test these pieces for defectn
using the above mentioned techniques, either a vsecond inspection
would have to be performed frcm the opposite side or scanning from
one side would have to be performed at two scanning gains with
metal travel overlap. Typical CRI' photographs demonstrating the
above effects are shown in Wigure 45. lHere it cun be seen thatl the
hnle is resolvable at .40 inch but not at .?5 inch and that it is
not posgssible to te it through the material in this case.

MIL-I-8950B, "Inspection, Ultrasonic, Wrouzhi Metlals, Process
For", specifies that the necar surface resolution capability mush be
10 percent of the thickness or 0.12% inches, whichever is greater.
Consequently, a near surface resolution capability of' 0.4 inch, 0.2
ineh, and 0.5 inch is required for the & inch, 2 inch, and % inch
thick material tested under this program. PFrom the datae in Tebles
25 and 26, 11 can be seen that this capability can be met for Lhu
§ inch thick plate and 5 inch thick die forging. However, it wuo
not possible to meet this requirement for the 2 inch Lhick plate
when using the 5 MHz test frequency.

(3) Testing of Machined Material

After testing the pieces in the as-rolled und as-forged condi-
tion, the ag-received surfaces were machined to u 12% rms or beller
finish, leaving them with the metul travels shown in Table ok,
These specimens were then tested using 4 separate flat transducers.
These were: (1) 3/4 inch, 5 MHz, SIL; (2) 1/2 inch, % Milzn, 3
(3) 3/8 inch, 1% Mz, SIL; and (4) 3/4 inch, 5 Mz, OIL. 'Uhe
water path wne 3 inches in all cases. Again, the Hranson (00 nnd
Sperry UM-7l5% ultrasonic instruments were used.

The testl procedure was identical to that used fovr the au~
recefved material. Following those tests, a second series of tesle
was performed in which the gain was established by adjusting the
minimum response from each set of specimens to 80 pervent of
saturation. This method ig also commonly used in industry for
ultrasonic inspection.
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Metal Travel = 3.35 in, il

Hole Response is Less than 10% of Saturation i

{

I; FIGURE 45 GPra 0t i
3 1

RESPONSES FROM 3/64 INCH DIA FLAT BOTTOM HOLE IN 4 INCH
PLATE AS-ROLLED (3/4 INCH DIA, 5MHz, 51Z TRANSUDCER WITH
9 INCH WATER PATH;
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The near surface resclution capability as a function of
product form, instrument, and search unii is summarized in Tables
27 and 28.

An examination of the data, indjcates that the near surface
resolution was again improved by increasing the test frequency.
For example, with Test A, the near surface resclution in L inch
plate was .17 vo .37 inches with the 3/t inch, 5 MHz, SIZ search
unit but was .08 to .17 inches with the 3/8 inch, 15 MHz, SIL.

As in the case of the as-received material tests, there were
several instaunces where, during Testvs 3, the hole response at the
largest metal travel was less than 10 percent of saturation.

Hence, it would not be possible to inspect through the tctal thick-
ness of the 4 inch plate and 5 inch die forging under those con-
ditions. It should be ncted that by choosing the lower frequency
(2/4 inch, 5 MHz, SIZ) it was possible to test through the total
thickness of the material et the expense of reducing the near
surface resolution capability.

It is inter=sting to compare the results from the two test
methods. Obviously, using Test Method A, where the minimum reponse
is adjusted to 80 percent of saturation, there is no difficulty
in testing through the total thickness as was the case several
times when testing with Test Method B. It might be thought that
the near surface resolution would be less with Test Method A since
the higher scan gain required, compared with Test Method B, would
tend to broaden the water/metal interface response. It was found
that in most cases, however, that the near surface resolution
capability of Test Method A was not less than that of Test Method
B. Only in one case, in fact, was it less; that being for the 3/8
inch, 15 MHz, SIL search unit. It would seem from these results,
that, if it were imperative to inspect material from ore side only,
it could be done so using Test Method A without any effect upon
the near surface resolution capability. However, the increased
ultrasonic noise level may at least partially offset the gains
obtained by inspecting at higher sensitivity.

A comparison of the near surlace resolution data for the as-~
received material and the machined material was made. In a few
cases, the near surface resolution was improved after machining.
For exanple, for a 3/4 inch, 5 MHz, SIZ search unit the 3/64 inch
diemeter hole in the die forging was resolved at a metal travel
of .20 inch after machining, whereas it was not resolved when the
sound entry surface was in the as-forged condition. Improvement
was made due to machining in the following cases:

(a) die forging - 3/4 inch, 5 MHz, SIZ with Branson 600

(b) die forging - 3/4 inch, 5 MHz, SIL with Sperry I™M.(15
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TABLE 27

NEAR SURFACE RESOLUTION OF MACHINED SPECIMENS
{3/64 In. Dia meter Flat Bottom Hole Response)

TestA
Product Form Branson 600 Sperry UM-715
3/4in., 5MHz | 1/2in,5MHz | 3/8in, 15 MHz | 3/4in., 5 MHz
siz o SIi ]
4in, Plate 0.17 10 0.37 0.08 to 0.17 0.08 to 0.17 0.17 0 0.37
2in, Plate 0.10 to 0.20 0.10to 0.20 0.10 to 0.20 0.20 to 0.38
Die Forging 0.15 to 0.21 0.15t0 0.21 0.10 to 0.15 0.15 to 0.21

ZA Test B

Product Form Branson 600 Sperry UM-715
3/4in.,5MHz | 1/2in,5MHz | 3/8in, 15MHz | 3/4in., 5§ MHz
Siz o SIL SiL
4 in, Plate 0.17 t0 0.37 0.08 to 0.17 0.08 to 0.17 0.17 t0 0.37
A A
2 in, Plate 0.10 to 0.20 0.10to 0.20 0.10to 0.20 0.20 to 0.3C
Die Forging 0.15 t0 0.21 0.15w 0.21 0.15 to 0.21 0.15 toc 0.21

A

A\

Tast A was parformed by setting the minimum response to 80% of saturat'on.

Test 8 was performed by adjusting the maximum response to 80% of saturation,

Response from largest metal travel was lass than 10% of saturation,
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TABLE 28
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NEAR SURFACE RESOLUTION OF MACHINED SPECIMENS
(5/64 In. Diameter Flat Bottom Hole Response)

A\ TestA

A

Product Form Branson 600 l Sparry YYM-715
3/4in.,5MHz | 1/2in.,,5MHz | 3/8in,15MHz | 3/4in., 6 MHz
Siz o SiL SiL
[ 4 in, Plate 0.17 to 0.37 0.08 to 0.17 0.08 t0 0.17 0.17 t0 0.37
2 in, Plate 0.10 to 0.20 Less Than Less Than 0.20 to 0.38
0.08C 0.10
Die Forging 0.15t0 0.21 0.15t0 0.21 0.10 to 0.15 0.16 to 0.21
A Test B
Product Form Branson 600 Sperry UM-715
34in.,5MHz | 1/2in.,5MHz | 3/8in, 15 MHz | 3/4in,, 6 MHz
Si1z o SiL SiL
4 in, Plate. 0.17 t0 0.37 0.08 to 0.17 0.08 to 0.17 0.17 t0 0.37
£\ A
2 in. Plate. 0.10t0 0.20 0.10 t0 0.20 Less Than 0.2 t0 0.38
0.10
Die Forging 0.15to 0.21 0.15 to 0.21 Less Than 0.16 to 0.21
0.10

Test A was parformed by setting the minimum response to 80% of saturation.

2\ Test B was perforrned by setting the maximum response to 80% of saturation.

Respunse from largest metal travel was loss than 10% of saturation,
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In each case the near surface resolution went from .20 = .L0O
inch to .15 = .21 inch.

Upon completion of the near surface resolution study, the
machined specimens were used to investigate scan index. Durirg
an ultrasonic inspection of production parts, one of the param-
elters which must be selected is the scan index. It is important
that the scan index be small encugh to ensure 100 percent inspec-
tion of the parts. During a typical ultrasonic inspection all
discontinuities whose amplitude exceeded 50 percent of the dis-
tance-amplitude curve would be marked for further evaluation
since the response may not be maximized on the discentinuity.

The final evaluation would be made by positioning the search

unit for maximum response from the discontinuity and, if the
response exceeded the distance - amplitude curve, the discon-
tinuity would be considered rejectable. On thi: basis of testing,
then, it is important to choose a scan index through which no less
than 50% of the reference standard respouse is obtained.

Several tests were performed to determine the maximum scan
index for the test specimens on hand. Initially, the search unit
was positioned to maximize the response from the flat bottom hole
with a 3 inch water path and then moved off centerline until
response dropped to 50 percent of its initial amplitude. This,
then, was considered one~half the maximum scan index. The results
. of the testing are shown in Table 29. In general, the maximum
scan index increases with search unit diameter and with the
j reference reflecior size.

¢. Sound Transmission Characteristics

In many ultrasonic inspection situaticns, there exists a significant
difference in sound transmission churacteristics between the reference
standard and the part to be inspected. In addition to attentuation
differences, such things as surface finish variations, grain flow direc-~
tion, and metallurgical variations can contribute to the difference.

If corrections are not made for the differences, it is possible that
rejectable defects can be accepted because they can appear smallcer
than they actually are based on Lheir ultrasonic response.

A test program was conducted to quantitatively determine the magni-
tude of sound transmission differences for rolled plate and die forging
material. The test specimens were those fabricated for the near surface
resolution study described previously (see Figure 43 and Table 24). In
addition to these specimens, a set of ASTM-type Ti-6GA1-LV reference
standards containing 3/64 inch diameter flat bottom holes werc used to
represent typical straight beam immersion reference standards (sce
Figure 35).

et ™

Initially, a distance-umplitude correction DAC) curve was constructed
] sing the ADTM-type refercnce standards with 3/64 inch diameter flat
bottom holes and with metal travels varying from 1/2 to 5-1/2 inches.

The ASTM-type standards were placed in the water, the gcarch unit was
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TABLE 29
A8 MAXIMUM SCAN INDEX FOR MACHINED SOUND ENTRY SURFACE
{Metal Travels are Indicated in Parenthesis}
! 4 in. Plate 2in, Plate Die Forging
Search Unit 364in. | 6/64in. | 3/64in. | 6/64in. | 3/64in. | 6/64in.
Hole Hole Hole Hole Hole Hole
t
| 3/8 in. Dia 0.060 0.20 0.060 - 0.050 -
c»' 16 MHz, SIL (0.17) (0.08) (0.20) {0.15)
4 (S/N 17205)
X
3 | 3/4 in. Dia 0.18 - - - 0.20 -
i 6 MHz, 812 (0.37) (0.21)
i | (S/N 21269)
y |
@ 1/2 in. Dia 0.10 0.14 0.08 - 0.06 -
) 6 MHz, (0.37) (0.08) (0.20) (0.21)
! Aerotech &
l 3/4 in. Dia 0.8 - 0.18 - 0.12 -
! 5 MHz, SIL {0.37) (0.38) (0.21)
(S/N 21263)
5‘ ' arl4-01%7100 .‘ n.i;'
i
i
|
i
1
i
:
. 4
~ &
i h
i §
117 15
f |

Iy
i
"
L AT R A A, O 0 p



TR T BT LT (PP DOATIARTATTO ™ 00 T T s Y NN R N IET SR RTINS TV TIRRCDR IR s v

adjusted to the selected water path, and the reference standard which
exhibited the maximum response was located. hen, the amplitude of

‘ ! that response was adjusted to 80 percent of suturation. Without

i : changing the gain, the amplitude responses from the other ASTM-type
standards was recorded and distance-s#.plitude curves (DAC) were con-
structed.

These tests were performed using the following search unit and
ultrasonic instrument combinations:

T

=

(a) 3/b inch diameter, % MHz, SIZ (3/N 21269) with the Branson 600
1/2 in:h diameter, 10 MHz, SIZ (s, ..544) with Branson 600

(¢) 3/8 inch diameter, 15 MHz, SIL (S/N 1720%) with Branson 600

T LT e T e eI,
—
o
~

(d)} 3/4 inch diameter, & MHz, SIL (S/N 21263) with Sperry UM=T15

AT A

The testing was repeated 7 times using the same technician, the

b S§/N 21269 search unit and a 3 inch water path. Also, the testing was
repeated 4 times with the same technician, the 8/N 21269 search unit
and a 9 inech water path. These tests were repeated in order to

i measure the variatlon in response from one test to another. Each
repeated test was initiated from the beglnning with the placing of
the reference gtandards made for the program in the water. The data
was normalized prior to plotting the DAC curves by adjusting the
maximum respnnse in each test to an amplitude of 1 inch with the
remaining amplitudes in the DA rve adjusted accordingly. Typical
plots of the relative amplitudes as a function of metal travel are
shown in Figures 46 and 47. Also, shown are the pesitions of the
near field in the metal as calculated from the search unit diameter,
gsound velocity, and test frequency. A decibel (dB) scale is included
in each plot for reference,

T AT R T

‘ When plotted legarithmically, the amplitude response versua metal

: travel for a constant flat bottom hole size, should follow a straight
line. However, deviations from this straight line may occur in
repeated Lests since the holes may not be eractly of the swme diameter
and orientation. Also, there may be some variation in repeatability
due to variations in search unit orientation with respect to the
reference standard, etc.

TR AT IR e

The data was anzlyzed and it was found that one standard deviation k
for the response variation from the ideal straight line due to varia-
tion in hole preparation was approximately 1.7 dB. One standard
b deviation due to test repeatability was approximately 1.3 dB. For a
95 percent confidunce level, then, a specific 3/64 inch diameter hole
response was within + 3.5 dB of the theoretical response. The test-
retest repeatabllity of the operator, equimment, and setup combina-
tion was + 2.5 dB. It should be noted that Lhese speclific values
could be expected to vary with sueh fuctors as search unit size,
test frequency, and hole preparation,
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After the distance=-amplitude curves were produced, testing wus
performed upon the as-rolled plate and as-forged dle forging material
containing flat bottom holes. These tests were performed using the
same operator, and equipment as deseribed above. The search unit
was positioned over the particular piece and, with the gain settlug
the same as for the previously tested standard, the responsc from
the flat bottom hole was recorded. Tynical normalized responses
are plotted in Figures 46 and L7,

Next, the plate and forging pleces were machined to a 175 rms
or better surface finish and the testing was repeated. "Prpicul
normalized responses are plotted in Pigures 46 and 47,

A comparison of the relative responses from the plate, forging
and ASTM-type reference stardards was made for those datn pointy
in the far field. This -comparison is documented in Table 0. T4
should be recalled that the response variation was * 6 dB due to
the sum of the varilations in hole geometry and test-retest repeatu-
bility. As shown in Table 30, the only case where the responsc
difference exceeded + 6 dB was for the 4 inch machined plate., ‘Ine
greater attenuatlion of the machined plate wasn oxpected due Lo the
higher nolse levels normally experienced in production mncehined
part ultrasonic inspection whenever the ultrasonic beam 1o divectod
normal to the pgrain flow of the part.

A comparison of the distance-amplitude plotg in the strafght 1ine
region for the ASIM=~type reference standards revealed that .he slope
of the stralght line vurled as a function of the search unit usod.
For the threc 81% search unlts the glope wag approximately 6 dib per
inch of metul travel, for the three 011 search units Lhe ulope wo
approximately 3.5 dB per inch of metal travel and lfor the Acrctoeh
Alphu secarch unlt the slope wae approxlmately 9.0 dB per tneh.

he difference in pent cwplitude positions from plot to plot w.
explalnable by the end of the wear tield zones T fo oipnifieant,
however, that the calculated roapr field lenptn waes Loo short, in oo
caser indienting a difference in search unlt frequency and/or dliamet. .
than indiented on the housing ot the genreh unft, Tt ol o -
fieant Lo note bthat many parts aree incpected completely b the near
f'1eld zone,

do  Eftect of Burface Condition

Deveral ultragonic Lests were performed Lo determloe e o o
of nu=recelvod and machined marfnces upon ulbrasonte reaper oo des g
contnet and dmmersion innpect fonn,

(L) Angle foam Tnepection = As=roliod | iate

The Lesh opecine o chown Do Fiure beowoe wemet oo 0 b e

VU the wltrasenie recponse from oo Clat et tom helo G clhrearen wtoe
aty wseroltod gurfoee e omaehined Looa inian of AT L FYREN RO
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FIGURE 46
RELATIVE RESPONSE vs METAL TRAVEL
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10 MHz, 1/2in, SiZ, Branson 600,
3 in, Water Path
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2/64 Dia Flat Bottom Hole

3/64 Dia Flat Bottom Hole

/—5/64 Dia Flat Bottom Hole

T

4 |1 1.0(Typ) ;
Wi
3
. P
\‘ ;é-"

A A A :
A A A |
i | | | | | g
il Ll Ll
A §

\—5/64 Dia Side

1
‘ 0y +

bt 2T (tan 0) e 6'——"'1 Drilled Hole {Typ)
T (t?n 0)

<———+ -
/\ 2sin 0 \ L Surface A

’ EAY g

ANt /’
/

e Lo i
Ly N /gL
L \\‘/ T/4 _?T/B

f ! f Surface B
3/4 T (tan 8) +1/2 - ]

Notes:
1. Surface A and Surfece B must be flat and parallel within 0,001 inch.
2. Ali dimensions are + 0.03 in, except for hole diameters which are + 3% of the diameter specitied.
3. Hols bottom must be flat within 0,001 in, per 1/8 in, diamater.

GF74-0117 82

FIGURE 48
ANGLE BEAM TEST SPECIMEN p
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TABLE 30
DIFFERENCE IN RESPONSE BETWEEN PLATE AND FORGING AND
ASTM - TYPE REFERENCE STANDARDS

Response Variation (dB)
P
Search Unit 2in, 4in. y 1 .
areh As-Rolled| Marhined A; F°;":°" ";"""“‘"’d

Plate Plate ording orging
3/4 in. Diameter, 5 MHz, SI12 -2 -2.75 -1 +2.5
1/2 in. Diameter, 10 MHz, SIZ —4 -8 -1 +3.56
3/8 in. Diameter, 15 MHz, SIL -4 -8.6 -1 +3.5

GP74-0117.013
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Initially, the 1~1/2 inch thick as-rolled plate specimen was

: positioned in the water tank and a 3/L inch diameter, 5 Miz,

i 817 search unit (S/N 21269) was adjusted to a 3 inch wuter

. path and a refracted sound beam angle in the metal of 45 degrees
+ 5 degrees. A Branson 600 ultrasonic instrument was used for
the testing. The response from the flat bottom hole was adjusted
to 80 percent of saturation and the gain control setting and

dB setting were recorded.

Next, the testing with an as-rolled sound entry surface
was repeated for the contact angle beam method. A 5 MHz, U5
degree contact angle beam search unit was used along with "Lubri-
plate" grease as a couplant. Agasin, the responses from the flat
bottom holes were adjusted to 80 percent of saturation and the
1 gain and dB setting were recorded.

After testing was completed with an as-rolled sound entry
surface, the surfaces were machined to a finish of 125 rms or
better. The previous testing was repeated by returning to the
original gain setting, adjusting the hole response to 80 percent
of saturation, and recording the dB setting. The results are
shown below.

dB Difference In Response From
As-Rolled and Machined Specimens

Immersion Contact
3/6L4 Hole | 5/6L liole 3/64 Hole | 5/64 Hole
1-1/2 1-1/2 0 0

As can be seen, the response difference between as-rolled and
machined was insignificant for both the immersion and contact
testing for the size reference holes used. This would appear to
indicate that an as-rolled sound entry surface on a piece of plate
would not reduce the inspectability ol that plate as compared to a
machined sound entry surface.

(2) sStraight Beam Inspection - Extrusion

In order to investigate the effect of an extruded sound entry
surface, a 3/6l inch diameter flat bottom hole was drilled in a 1/2
inch thick piece of titanium extrusion. The hole was drilled to a
depth of approximately 1/8 inch. With the as-extruded surface
intact, a straight beam immersion test was performed at a water
path of 3 inch using a 1/2 inch diameter, 10 MHz Aerotech Alpha
search unit and again with a 1/2 inch, 5 MHz Aerotech Alpha search
unit along with a Branson 600 instrument. The hole response was
adJusted to 80 percent of saturaticn and the gain and dB setting
were recorded. i
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After testing the as-extrudsd piece, the soun¢ entry surface
and back surface were machined to a finish of 125 rms or better.
The testing was repeated at the original gain setting. The
results are shown below.

dB Difference In Response From
As-Extruded and Machined Specimens

10 MHz 5 MHz

2 /2

As can be seen, the response difference was insignificant
for the immersion tests.

e. Inspection of Thin, Machined Parts

Some airframe manufacturer's employ ultrasonic inspection
techniques on final machines parts particularly in thin sections
including such arcas as the webs of machined bulkheads. Testing
performed during this program has demonstrated the value of such
inspections. There are defects that can be detected in final
machined parts that cannot be detected in thicker product forms
such as raw forgings. As shown in Section 3 of the NDT capability
portion of this report, the detectability of internal cracks with

l angle beam techniques can be quite low in thick section parts
| because of the part thickness and crack orientation. However,
: a large number of these cracks can be detected after final

; machining to a thinner section (see Table 69).

A program was conducted to investigate several ultrasonic
techniques for application to ultrasonic inspection of thin areas.

|
f
% (1) Pulse - Echo
t

Initially, pulse-echo immersion testing was examined with the
{ intent being to establish the resolution capabilities of the methods
' for flaws lying parallel to the machined surface as a function of
test frequency. Two search units were evaluated. These were a
1/2 inch diameter 10 MHz SIL long focus search unit (3.7 inch focal
length in water) and a 5/16 inch diameter 25 MHz SIL focused search
unit. Both search units were used in conjunction with a Branson
600 uitrasonic instrument and a 623 Ts pulser/receiver. Test
specimens ranging in thickness from .050 to .L37 inch were drilled
with 2/6k, 3/6k4, and 5/€" inch diameter flai botiom holes as shown
in Figure 49, These flat bottom holes were designed to represent
discontinuities in parts of various thickness.

The test specimens were placed in the water and the search unit
was adjusted to bring the focal point to the front surface of the
particular specimen being tested. Next, the secrch unit wan moved
to the 5/64 diameter hole and positioned to peak the response from
the hole., The gain was adjusted to position the response to 80%
of saturation on tile cathode ray tube in order to simulate the
scanning gain for an actual inspection wherce the minimum reuponsc
is adjusted to 807 of saturation.
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2/64 Dia Fiat Bottom Hole 4

3/64 Dia Flat Bottom Hole 2.0 *

65/64 Dia Flat Bottom Hol 1,0 ’

0,5 F~—| '-.— /_ (-] “'g

Bottom Hole

1.26 1o 1.26 !
+—=| i
. C— F.:.:.: Elox J
;‘:‘ 1.0 A 4
i W
‘ 125 i | 125
,,, Elox ‘g
. 60 41— e 10 B — —t 3
| | 3
1.26 Elox 1.26 A;
| I 1.0 c——f¢ 3
hoas i N
Surface !‘EI X 2/64 Dia Flat §
i A 0 Bottom Hole d
:- D \_ ;
£/64 Dia Flat A
h%

3/64 Dia Flat

* Bottom Hole i
1/2T +0.006 ' 1/2 T +0.006 2

1 — O p— — §

TE +—17F !

T = 0.050, 0.080, 0,125, 0.187, 0,298, 0.437 inches l j

1. Hole bottom must be flat within G,001 in, per 1/8 dia.
2, All dimensions are + 0,03 in, except for hole dlameters which are + 3% of the specified dia.
3. Plane of flat bottom holes and elox siots must be perpendicular to sound entry surface and
perali@l to 5 In, dimension within + 2 degrees,
4, Side drilled fiat bottom holes must be perpendiculaer to Surface A + 1 degree In two
dlrections 90 uagrees opposed.
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TEST SPECIMEN CONFIGURATION
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It was noted whether or not the hole response was resolvable
from the water/metal interface and if the back surface was
resolvable from the water/metal interface. Also, the nolse level
was measured on the CRT screen. For the purposes of this test,
the hole and back surface response was considered resolvable if

they came completely down to the baseline on the CRT (see Figure
50).

Next, the search unit was moved to the 5/64 inch diameter
hole in the 0.298 inch thick plece and the hole response was
adjusted to 80% of saturation. The dB required to adjust the
hole response to 80% of saturation was measured. Again it was

noted whether or not the hole response and the back surface were
resolvable,

This test procedure was repeated for all the test specimens
and all the flat bottom holes in an attempt to ascertain the best

choice of search unit for inspection of flat thin parts using
the pulse-echo technique.

A summary of the results 1s presented in Table 31. A series
of photographs demonstrating typical CRT displays 1s shown in
Figures 51 thru 53. It can be seen from Table 31 that an improve-
ment in resolution was obtained by increasing the test frequency
from 10 MHz to 25 MHz. For example, the 3/64 inch diameter hole

was resolvable at a .063 inch metal travel with 25 MHz but not
with 10 MHz (see Figure 52).

The ultrasonic noise from the tegt specimens was quite low;
never exceeding 10% of saturation at the gain level required for
a hole response of 80% of saturation.

Separation of the back surface response from the water/metal
interface response wag also improved by ircreasing the test fre-

quency to 25 MHz from 10 MHz. An example of a CRT display is
shown in Figure 53.

Based on these results, it appears tnat it is possible to
resolve discontinuities equivalent to a 2/64 inch diameter flat
bYottom hole at metal travels as small as 0.09% inch.

(2) Reflector Plate Method

Another potential technique for ultrasonic inspection of

thin parts is the reflector plate technique demonstrated in
Figure 5k,
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IMMERSION PULSE ECHO TESTING

TABLE 31

5/64 in, Dia Flat Bottom Holes

Metal Travel dB tor 80% Response Back Surface Resolvable
(in.) 10 MHz 25 MHz 10 MHz 26 MHz
0.218 21 ] Yes Yes
0.149 21 10 Yes Yes
0.084 16 14 Yes Yus
0.083 A A Yor Yos
0.040 A & No Yes
0.026 A A No No
3/64 in, Dia Flat Bottom Holes
Metal Travel dB for 80% Response Baok Surface Resolvable
{in) 10 MH2 26 MHz 10 MH2 26 MHz
0.218 16.6 7 Yeox Yas
0.149 14 10 Yus Yos
0.084 A 12 No Yes
0.083 A 12 No Yos
0.040 % A No Yos
0,026 A No No
2/64 in, Dia Flat Bottom Holes
Metal Travel dB for 80% Response Back Surface Resolvable
{in.) 10 MHz 25 MHz 10 MHz 26 MHz
0.218 10 2 Yes Yos
0.149 16 6 Yes Yo
0.094 A 10 No You
0.063 A A No Yos
0.040 A\ A No Yas
0.025 A A No Yos
A Hole not Resolved arraItT 1
134




!{ tront
3 Surttace
T

;' R
é

L

%

]

:

:

.

Lv

!

0.149 in, Metat Travel 0.004 in Motal Travel

R R S T R T N T e S e A TR S T

.
|
z
(
)
,

/

0.063 in. Metal Travel (Unresoived)

FIGURE 51
TYPICAL CRT DISPLAYS FOR PULSE ECHO TESTS
2/64 In. Dia Flat Bottom Holes
5/16 In. Dia, 26 mHz SIL Search Unit
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FIGURE 54
REFLECTOR PLATIZ METHOD

As can be seen, the sound beam iy transmitted through the test
plece, reflected from the reflector plate, transmitted back
through the test plece and, finally, received by the search unit.
Interruption of the sound beum by o discontinuity in the test
plece reduces the amplitude of the roflector plate response.
Resolution »f discontinuities near the surfuce may be easier
with the reflector plate method than pulsc-echo because the
response occurs further out in time and, hence, is less

affected by the large water/metul interface response.

The test specimens, seurch unite, and pulse receilver were
the sume as previously uded in the pulse-echo tests. 'The fiber-
pheriolic reflector plate wes 1 inch thiek, Initlally, the test
specimens were immersed in the wuter and the search unit and
ref'lector plate were positloned as shown in Figure 55.

Search
Unit
Focal—?.ength
or Search Unit
[ ] Test Specimen
|
1/2‘ in,
Reflector
L ] Plate
QP4 0192 10
FIGURE 55

TEST SETUP FOR REFLECTOR PLATE TESTS
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The reflection from the reflector plate, through the test specimen,
vas adjusted to 80% of saturation in a non-hole area of the test
specimen. Then, the search unit was moved over the 5/64 inch
diameter hole in the specimen and the reduction in amplitude from
the reflector plate was measured by recording the dB required to
return the signal to 80% of saturation. This was repeated for all
the holes in each of the specimens. In this way, the smallest
detectable hole was identified as a function of the test plece
thickness and test frequency. In order to measure the scanning
noise level, the search unit was moved to a non-hole area, and with
the reflector plate signal adjusted tc 80% of saturation, the search
unit was transversed back and forth over the reflector plate. Multi-
ple exposure photographs were taken of the CRT display and the varia-
tion in amplitude of the reflector plate signal was noted to be 3 4B,

The results of the testing are shown in Table 32,

TABLE 32
TEST RESULTS FOR REFLECTOR PLATE TESTING

10 MHz, 1/2 |n. Dia 51L Search Unit

Plate Metal | Signat Reduction Due to Flat
Thickness | Travel Bottom Hole {dB)
tin) | Gin) | 2/64 | 3/64 | b/e4
0.487 0.218 10 14 20
4 18
0.298 0.149 1 1 37 in. 2
0.187 0.094 8 17 20
Specimen -T_
0.126 0.063 8 14 20 0.50 in.
 m— - |
0.080 0.0%0 ° 12 " Reflector Plate
0.060 0.025 5 9 13

GP74.0117 80

It was found that at a test frequency of 25 MHz, there was not
enough power to get a signal back from the reflector plate. This
was true for all thicknesses except for 0.050 inch where a very
low ampiitude signal was received. As can be seen in Table 32,

all the holes were detectable in all the specimens using 10 MHaz.
The scanning noise was found to be approximately 3 dB. Based upon
these results, it appears that the reflector plate method isg

better than the pulse~echo method for locating flaws and evaluating
their size in flat, thin machined parts.
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(3) Ringing Method

An ultrasonic ringing method was investigated for applice-
tion to inspection ¢ thin marts. This method is based upon the
presence of sound reverberations within the part and the change
in the reverberations. “hen th: metal travel distance is changed
the 10 MHz and 25 MHz focused search units and Branson 600 instru-
ment used in the pulse-echo tests were used in the immersion ring-
ing tests. The gate was adjusted to monitor changes in the width
and amplitude of the water/metal interface e~ho. Initially, the
water/metal interface response was adjusted tc saturation in a
non~hole area of the test specimen (see Figure 49 for specimen
configuration) and the gate was adjusted to irigger at 30 percent
of saturation on the right hand side of the response. The gate
was adjusted to monitor the last 3 spikes without changing the
gain} the search unit was positioned over each flat bottom hole
in order to measure detectability of the holes.

The results of these tests indicated that the ringing method
was ineffective, It was not possible to detect any of the flat
bottom holes in any of the specimens.

(4) Pitch-Catch

Contact pitch-catch tests were performed upon the test specimens
using a 5 MHz Branscn 1/4 inch fingertip probe with a Branson 600
ultrasonic instrument. The 2/64, 3/64, and 5/64 inch diameter flat
bottom holes in the specimens shown in Figure 49 were used as
artificiasl reflectors. The couplant was "Lubriplate" grease. The
search unit was oriented to provide for maximum response from the
chosen flat bottom hole and the hole response was adjusted to 80
percent of saturation. The dB setting at 80 percent of saturation
was recorded and it was noted whether or not the hole response was
resolvable from the back surflace response. For the purposes of
this testing, the tralling edge of the hole response had to meet the
horizontal sweep line to be —onsidered resolved from the ' -k surface
response,

iinally, the testing was repeated using a L0 MHz Branson 1/b
inch probe.

The test results are shown in Table 33. As can be gseen, in
every case, except for the 3/64 inch hole at 5 MHz, the hole was
resolvable down to a test part thickness of .187 inch (.09h inch
metal travel). Based on these results, it appears that thinner
parts can be ultrasonically inspected with the 5 MHz or 10 MHz
pitch-catch technique than with the 10 Mz pulse-echo technique.
With the 10 MHz pulse-echo technique, it was not possible to
resolve the hole response (2/64 and 3/64 inch diameter holes)
for metal travels less than .149 inch. lowever, in comparing the
pitch-catech and pulse-echo methods witlh the reflectlion plate
method, it could be concludel Lhat the reflector plate method is
superior in that metal trave.s as small as .02% inch can be inspocted.
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TABLE 33
RESULTS OF PITCH-CATCH TESTS
5 5 MHz
3 Metal dB for 80% of Saturation
: l.’latc Travel
Thickness (in.) 2/64 3/64 5/64
; 0.437 0.218 26 32 39
i3
A ! 0.298 0.149 24 34 41
L 0.187 n.094 24 33 A\ 40
0.125 0.063 A A A
0.080 0.040 N A\ A\
0.650 0.025 A A A
10 MHz
p Metal dl -or 80% of Saturation
late
Thickness Travel
(in.) 2/64 3/64 5/64
0.437 0.218 19 25 31
0.298 0.149 20 27 36
0.187 0.094 17 23 28
0.125 0.063 A A A\
0.080 0.040 Zﬁ A A
s 0.050 0.025 A A\ A !
! 3
.' GP74.0117.81 “i
A Hole response was not resolved from back surface response, ﬁ
! f;
g !
; E
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| f. Angle Beam Immersion Testing of Plate

A program was conducted to evaluate the effectiveness of various
search units during angle beam immersion testing of specimens fabri-
cated from plate. A total of 9 test specimens (Ti-6A1-LV) were
fabricated to the Figure 48 configuration with the following dimen-

sions:

; Thickness, T Surface Finish ) A

: _{Inches) (RMS) {Degrees)  (Inches)
1.00 63 30 1.k
1.00 125 30 1.4k
, 1.00 as-rolled 30 1.hk
1.50 63 45 1.55
§ 1.50 125 bs 1.55
| 1.50 as-rolled L5 1.55
2.00 63 L5 1.91
( 2.00 125 s 1.91
2.00 as-rolled 45 1.91

As showu in Figure 48, flat bottom holes, having diameters of 2/6k,
3.64, and 5/64 inch, were incorporated as artificial reflectors.

! Five flat search units were compared. These were:

(a) 3/4 inch diameter, 2-1/4 MHz, Aerotech Gamma

(v) 3/4 inch diemeter, 5 MHz, Aerotech Gamma
'; (¢) 3/b inch, 2-1/L Miz, SIZ

(d) 3/b4 inch, 5 MHz, SIZ

% (e) 3/b inch, 5 MHz, SIL

A Branson 600 ultrasonic instrument was used along with a 622T pulser/
receiver for each test. Each search unit was adjusted for a 3 inch
water path and a refracted sound beam angle in the specimen of U5
degrees + 5 degrees for the 1-1/2 and 2 inch thick specimens and 60
degrees + 5 degrees for the 1 inch thick specimen. The sound entry
point was adjusted to Position 1 (see Figure 56) and the flat bottom
hole response was adjusted to 80 percent of saturation. The response-
to-noise ratio was measured off the cathode ray tube. Next, the
search unit was moved to Position 2 and the testing was repeated.

A few select:d tests were performed from Position 3.
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SOUND ENTRY POSITIONS

GP74-0117 B3

The results of the tests are shown in Tables 34 through L2. With
the sound entry point at Position 1 (1/L4 skip), the 3 flat bLottom holes
were detectable in all cases. The ultrasonic noise amplitude varied
from 0.05 to 1.6 inches with the hole response adjusted to 2.4 inches.
In several cases, there was little difference between the signal-to-
noise ratio for the 5 search units. In those cases where there was o
difference, it was found that the 8IZ search units produced the
greatest signal-to-noilse ratio.

It was not possible to detect any of the flat bottom holes at 1-1/4
skips (Position 2). At 3/L4 skips (Position 3) it was pousible to
detect the holes in a few cases. Tliese results indicate that angle
beam immersion inspection of a plat- ' inch thick or greater should be

confined to less than 3/b skips.

It should be noted that it is not possible to determine the effect
of machining upon ultrasonic response from this data since the pieces
wvere removed from different plates. These effects were studied in a
gseparate program which is described in Section 3-d.
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TABLE 34
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING
OF 2 INCH AS-ROLLED PLATE
2/64 in. Dia Flat Bottom Holes

Aor s AR A S | et B s G  ib i ARl B A e el BN UL O SR LU e R AL

Search Unit

Uttrasonic Signal-to-Noise Ratio &

Position 1 Position 2 Pasition 3
2-1/4 MHz, Gamma 24/0.3 A &
5 MHz, Gamma 2.4/0.25 2
2:1/4 MHz, S1Z 2.4/0.5 A
5 MHz, S1Z 2.4/0.2 A
5 MHz, SIL 2.4/0.7 A

3/64

in, Dia Flat Bottom Holes

Search Unit

Ultrasonic Noise Level A

Position 1 Pasition 2 Position 3
2-1/4 MHz, Gamma 2.4/0.1 A A\
5 MHz, Gamma 2.4/0.1 0.2/0.1
21/4 MHz, SI1Z 2.4/0.3 A
§ MHz, S12 2.4/0.05 A
5 MHz, SIL 2.4/0.15 A

5/€4

in. Dia Flat Bottom Holes

Search Unit

Ultrasonic Noise Levsl A

Position 1 Position 2 Position 3
2-1/4 MHz, Gamma 2.4/0.1 A A
5 MHz, Gamma 2.4/0.05 0.6/0.06
2-1/4 MHz, S1Z 2.4/0.1 A
5 MHz, S12 2.4/0.01 A
5 MHz, SIL 2.4/0.1 A

Amplitude of the noise in inches when the hole response is adjusted to B0% of saturation,
No hole response
Tasting not parformed from Position 3.

GP74.0117.84
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TABLE 35
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

FIRRITRY TIPS

OF 2 INCH PLATE - 125 RMS
2/64 in, Dia Flat Bottom Holes

XAt b

Search Unit

Ultrasonic Signal-to-Noise Ratio A

Paosition 1

Position 2

Position 3

R R

2-1/4 MHz, Gamma
b MHz, Gamma
2-1/4 MHz, SIZ

5 MHz, SIZ

5 MHz, SIL

2410
2.4/0.3
2.4/0.7
2.4/0.6
2.4/0.

I

bR

3/54 in. Dia Flat Bottom Holes

Search Unit

Ultrasonic Noise Level A

Position 1 Position 2 Position
2.1/4 MHz, Gamma 2.4/0.25 A A
6 MHz, Gamma 2.4/0.1 A\
21/4 MHz, 512 2.4/0.5 A
6 MHz, SIZ 2.4/0.2 2
5 MHz, SIL 2.4/0.4 A\

5/64 in. Dia Fiat Bottom Holes

Search Unit

Ultrasonic Noise Leve! &

Position 1

Position 2

Position 3

2-1/4 MHz, Gamma
5 MHz, Gamma
2-1/4 MHz, SI1Z

5 MHz, S12

6 MHz, SIL

2.4/0.12
2.4/0.05
2.4/0.1
2.4/0.01
2.4/0.15

A

N
A
A\
A
A

Amplitude of the noise in inches when the hole response is adjusted to 80% of saturation,

No holes response

Testing not performed from Position 3,
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TABLE 36
ULTRASONIU NOISE DURING ANGLE BEAM IMMERSION TESTING
OF 2 INCH PLATE - 63 RMS

2/64 in. Dia Flat Bottom Holes

Search Unit

Ultrasonic Noise Level &

Position % Position 2 Position 3

2:1/4 MHz, Gamma | 2.4/1.1 2\ A

6 MHz, Gamma 2.4/0.9

2-1/4 MH=, 812 2.4/0.9

5 MHz, Si2 24/1.0 !

6 MHz, SiL 2.4/1.2 ‘

3/64 in. Dia Flat Bottom Holes
Search Unit Ultrasonic Noise Level J&

Position 1 Position 2 Pasition 3

2.1/4 MHz, Gamma 2.4/5.3 A A

5 MHz, Gamma 24/0.16

2-1/4 MHz, SI1Z 2.4/0.3

6 MHz, SiZ 2.4/0.2

6 MHz, SIL 2.4/0.3

5/64 in. Dia Flat Bottom Holes
Search Unit Ultrasonic Noise Lavel &

Position 1 Position 2 Position 3

2.1/4 MHz, Gamma |  2.4/0.08 A A\

5 MHz, Gamma 2.4/0.0¢

2-1/4 MHz, S12 2.4/0.1

5 MHz, SIZ 2.4/0.02

6 MHz, SIL 2.4/0.1

Amplitude of the nolse in inches when the hole response is adjusted to B0% of saturation,

No hole response

Teasting not performad from Position 3.
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b TABLE 37
i ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1% INCH AS-ROLLED PLATE

2/64 In, Dia Flat Bottom Holes

Ultrasonic Noise Level A

Search Unit

Position 1 | Position 2 | Position 3
E{ 2:1/4 MHz, Gamma 2.4/0.6 & @3
" 6 MHz, Gamma 2.4/0.3 A 0.6/0.36
X 2.1/4 MMz, $12 2.4/1.0 A A
,(
X 5 MHz, 512 2.4/06 A A
5 MHz, SIL 2416 A A
i i .
: : 3/64 In. Dia Fiat Bottom Holes
,{ Search Unit Ultrasonic Noise Level A
ﬁ} ] Position 1 | Position 2 | Position 3
1 & 2.1/4 MHz, Gamma |  2.4/0.3 A A
: ; 6 MHz, Gamma 24/0.1 A | os6/02
, ;
2.1/4 MHz, SIZ 2.4/0.16 /N A
6 MHz, SIZ 2.4/0.06 /N A
§ MHz, SIL 2.4/0.4 A A
{
[ 6/64 In. Dia Flat Bottom Holes
‘ Search Unit Ultrasonic Noise Level A

Position 1 Position 2 | Position 3
2-1/4 MHz, Gamma |  2.4/0.15 A A
5 MHz, Gamma 2.4/0.06 A 0.8/0.1
2-1/4 MHz, S1Z 2.4/0.1 A\ 5\
§ MHz, SIZ 2.4/0.01 A\ 0.26/0.01
5 MHz, SIL 2.4/0.2 A A

| %

Amplitude of the nolse in inches when the hole response is adjusted to 80% of saturation.

No hole response

Testing not pertormed from Position 3.
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TABLE 38
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING
OF 1% INCH PLATE - 125 RMS
2/64 In. Dia Flat Bottom Holes

i e, W T M — S TS T T s T
T TR T I R TR R T I TR

| Search Unit Ultrasonic Noise Lavel &
Position 1 Position 2 | Position 3
i‘ 2-1/4 MHz, Gamma 2.4/1.2 A A
k | 5 MHz, Gamina 2.4/1.2 A A
P 2.1/4 MHz, SIZ 2.4/0.8 A A
3 6 MHz, SIZ 2.4/0.6 2 A
} 5 MHz, SIL 24/1.6 2 A

TR

Position 1 Position 2 Position 3
| 21/4 MHz, Gamma | 2.4/0.4 A A
6 MHz, Gamma 2.4/0,36 A &
2.1/4 MHz, 512 2.4/0.4 A\ A
5 MHz, S12 2.4/0.2 2\ A
5 MHz, SIL 2.4/0.8 A A

3/64 In. Dia Flat Bottom Holes

Search Unit

Uitrasonic Noise Level &

5/64 In, Dia Flat Bottom Holes

| N |
Search Unit Ultrasonic Noise Leve A
Potition 1 Position 2 | Prsition 3

‘ 21/4 MHz, Gamma |  2.4/0.2 A A\

6 MHz, Gamma 2.4/0.2 2 A
r 21/4 MHz, S12 2.4/0.1 2\ A

i 6 MHz, 512 2.4/0.1 A A

6 MHz, SIL 2.4/0.2 2 A\
l»; Amplitude of the noise in Inches when the liole response is adjusted to 80% of saturation,

4 No hole response ;
Teasting not performed from Position 3.
1 QP74.0117 94 3
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TABLE 39
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1% INCH PLATE - 63 RMS

2/64 In, Dia Flat Bottom Holes

T T T L R I IS O TR TA POprg TTOS Wre r Ty v

LR sy

Search Unit

Ultrasonic Noise Level A

Position 1 Position 2 | Position 3
* 2:1/4 MHz, Gamma | 2.4/1.1 2 A
6 MHz, Gamma 2.4/0.6 A A
) 2-1/4 MHz, 512 2.4/0.7 A A
ﬁ 5 MHz, 512 2.4/0.2 2 A
: 5MHz, SIL 2.4/1.0 2\ A
3/64 In, Dia Flat Bottom Holes

Search Unit

Ultrasonic Noise Level &

Pozsition 1

Position 2

Position 3

2:1/4 MHz, Gamma
5 MHz, Gamma
2:1/4 MHz, S12

& MHz, S12

5 MHz, SIL

2.4/0.4
2.4/0.25
2.4/0.3
24/0.2
2.4/0.4

&
A\
&\
A

A
A\
A
A
L\

5/64 In. Dia Flat Bottom Holes

Search Unit

Ultrasonic Noise Level A\

|

Position 1 Position 2 | Position 3
21/4 MHz, Gamma |  2.4/0.2 PN A
5 MHz, Gamma 24/0.25 @ A
2-1/4 MHz, $1Z 2.4/0.1 A A
§ MHz, SIZ 2.4/0.1 A\ A
6 MHz, SIL 2.4/0.2 A A

+

Amplltude of the noise in inches when the hola response is adjusted to B0% of saturation,

No hole response

Testing not performed from Position 3.
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TABLE 40
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING
OF 1 INCH PLATE AS-ROLLED
2/64 In. D  Flat Bottom Holes

Search Unit Uitrasonic Noise Leve! A
Position 1 Position 2 | Position 3
2.1/4 MHz, Gamma |  2.4/0.3 2 A
5 MHz, Gamma 2.4/0.1 A &
2.1/4 MHz, SIZ 2.4/0.1 2 A
6 MHz, S1Z 2.4/0.6 2 N
5 MHz, SIL 2.4/0.16 A A

3/64 in. Dia Fiat Bottom Holes

5/64 In. Dia Flat Bottom Holes

Search Unit ___Umamnic Noise Level A
. Pasition 1 | Position 2 | Position 3
2:1/4 MHz, Gamma |  2.4/0.3 AN A *i
5 MHz, Gamma 2.4/0.1 A A 4
2-1/4 MHz, S1Z 2.4,0.1 oN A
5 MHz, 512 PR N A
5 MHz, SIL 2.4/0.1 2 A\

| i
Search Unit Ultrasonic Noise Leve! A _
Position 1 | Position 2 | Pasition 3 iq
2:1/4 MHz, Gamma |  2.4/0.12 2\ A :
5 MHz, Gamma 2.4/0.06 & &
2-1/4 MHz, SIZ 2.4/0.1 A\ A %
5 MHz, SIZ 2.4/0.8 A\ A
5 MHz, SIL 2.4/0.15 A A
b
Amplitude of the noise in inchas when the hole response is adjusted to 80% nf saturation, t;
No hole rasponse 3’
3\ Testing not partormad from Position 3 ‘
GP74 011792 "
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' TABLE 41

3 ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING
.f OF 1% INCH PLATE - 125 RMS

2/64 In. Dia Fiat Bottom Holes

Ultrasonic Noise Level &

Search Unit

Position 1 Position 2 Position 3
2:1/4 MHz, Gamma 2.4/0.4 A A
G MHz, Gamma 2,4/0.2
2-1/4 Mz, SI12 2.4/0.2
{ 6 MHz, Siz 2.4/0.3
' 5 MHz, SIL 2.4/0.2
3/B84 In. Dia Flat Bottom Holes

! Position 1 Position 2 Position 3
; 2.1/4 MHz, Gamma |  2.4/0.4 A A
6 MHz, Gamma 2.4/0.3
| 2-1/4 MHz, 512 2.4/0.2
6 MHz, $IZ 2.4/0.3
; & MHz, SIL 2.4/0.2
f 5/64 In. Dia Flat Bottom Holes
}
n, Search Unit Ultrasonic Noise Leve! &
f Position 1 Position 2 Position 3
’F 2.1/4 MHz, Gamina 24/0.4 A A
\% 5 MHz, Gamma 24/0.2
! 2:1/4 MHz, SIZ 2.4/0.3
: 5 MHz, 512 2.4/0.2
; 5 MHz, SIL 2.4/0.5 s
:

Search Unit

Ultrasonic Noise Level A

;

Amplitude of the nolse tn inches when the hole response is adjusted to 80 of saturation,

No hole response

Testing not performad from Position 3,
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TABLE 42
ULTRASONIC NOISE DURING ANGLE BEAM IMMERSION TESTING

OF 1% INCH PLATE - 63 RMS
2/64 In, Dia Flat Bottom Holes

Search Unit Ultrasonic Noise Level A
Position 1 Position 2 | Potition 3
21/4 MHz, Gamma |  2.4/0.16 2 A
§ MH2, Gamma 2.4/0.3 2\ A
2.1/4 MHz, §1Z 2.4/0.1 2 A\
B MHz, S1Z 2.4/0.4 2 A
A 5 MHz, SIL 2.4/0.1 o A
%,;f 3/64 In. Dia Flat Bottom Holes
’ Search Unit Ultrasoriic Noise Level &
Position 1 Position 2 Position 3
2:1/4 MHz, Gamma 2.4/0.2 @ &
5 MHz, Gamma 2.4/0.1 2\ A\
2174 MHz, 512 2.4/0.7 A A
6 MH7, S1Z 24/0.3 /N A
5 MHz, SIL. 2.4/0.1 A /A

5/64 In. Dia Fiat Bottom Holes

Search Unit Uttrasonic Noise Level &
Position 1 Position 2 | Position 3
2-1/4 MHz, Gamma | 2.4/0.2 2\ A
f! & MH.., Gomma 2.4/0.2 A A\
| 2174 MHe, §12 2.4/0.1 2 A
5MHz, §17 2.4/0.6 A\ /A
‘ 5 MH., SIL. 2.4/0.15 /A A

A

Amplitudo ot tha notse in inchas when the hole rasponse is adjusted to 80% of saturation,

Nc hola respunse

Tasting not parformed from Position 3,

GRI4 0117 90
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SECTION 1V

PROCESSING OF INGOT

This program was concerned with the detection of typicel discontinuities
in titanium alloy components using nondestructive methods.

The sources of defects in components manufactured from titanium alloys
include many of those which also are common to other metals. However, sponge
reduction, consumable elactrode fabrication, and arc melting processes pre=-
sent a number of problem sourcas which are unique to titenlium alloys. These
problems have been of particular concern since NDT methods were not always
originally selected with the aim of finding these unusual types of defects.
In addition, some of these defects were found to be of a size and character
walch necessitated the development of more sensitive and sophisticated NDT
techniques.

A considerable effori has been expended over the past several years in
an attempt to identify, and lnsofar as possible prevent, the sources of
defects in titanlium compouents., These sources may be divided intn those
associated with raw materials (sponge, slloying elements, etec.) and ingot
melting conditions nnd those associated with thermo-mechanical processing of
ingots to billet, bar, shecel, ete., and of mill products to firished compo-
nents (forging, machining, forming, W+t treating, ete.).

The defects asso-clated with raw materials and melting are more or less
peculiar to titanium metallurzy, while thosce usssociated with thermumecheni-
cal processing include defecls which are also common to other materials.
Discontinuities which might occur in titanlum ingot include pipe in the top
of the ingot, Type I and Type 1T alpha stablilized defects and generul
porosity. Type I alpha stabilized defeets ure characterized by high hard-
ness, high thermal stability and un incrensed oxygen and nitrogen content
compared with the matrix. Type Il alpha stabilized defects are characterized
by a lower hardness than Type I, a lower thermal stability, and an increased
aluminum content compared with the matrix (Reference 3).

Mill products mlght include unhenl ... pipe and porusiuvy, Lype IL alpha
gtabilized defects, unhealed porosity, and ype I alpha svtaoniliioond wroas,
with or without associated volds. Torgings might coutain unheaicl pipe and
porosity, Type II alpha utabilized defects, unhealed porosity, and Type 1
alpha stabilized areas, with or without associamted volds.

Consequently, a full size production ingot was melted using techniques
to intentiounally induce Type I and II aipha stabilized areas.

The ingot was converted to bar, plate, airframe forgings, and engine
disk forgings, containing the discontinulties. The capability of appropriate
NDT methods for the detection of the seerrepates was established.
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1. INGOT MELTING

A full sive double vacuum melted production Ti=6A1-UV ingoc (2h ineh
diameter, 7,500 pounds) was produced for the program by Oregon Metallurgical
Company (Oremet) Iin Albany, Oregon. The ingot raw material components were
sponge, alloy, and revert chip. A photograph of the first melt ingot is
shown in Figure 57.

GP14.0117 174

FIGURE 67
FIRST MELT INGOT

In wrder to intentlonally produce Type 1 alpha stabillzed def'eets in the
ingot, the first melt clectrode was seeded with titanium nitride., Thls seed-
ing technique haoe been successfully used In the past by Lhe U. 5, Bureau of
mines, Albany Orepun Otatlion, under Air Force sponsorship and has been found
Lo produce defectz which closely resemble those which have occasionally
oceurred in normal wmelting prectice (Reference 4 ),

Two types of high nitrogen seeds, nitrided sponge and melted buttons,
were prepared by Uremet for dnsertion onto the first melt ingot.

Initially, nitrided spoupge was produced by placing approximately 10 pownnds

of gueud quality Litaniwm sponge in thin layers in carbon steel truys. These
trays were stacked verticeally in o stuinlese steel pit furnace retort and
bestod Lo rare o tesk wag not present which would allow o prescure ruate of
rise ot merer than L micvon of Hg per hours Terminal pressure was n little
less than | micron of Y. 'The system wus heated in vacuwum to 1000°C and back-
{ille: with high purity nitrogen. A demand type repulator was held at 5 puig
for o hours and the ayostem wds cooled Lo ambient temperature under nitiogen,
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In order to increase the chances of inducing typical defects, two types
of seeds were used for the ingot. The first type was the nitrided sponge
itself. The second type was 15 to 25 gram (approximate) nonconsumable arc
melted buttons made from randomly selected nitrided sponge. The buttons were
broken with a hammer and seeds were selected from the pieces. Each of the
seed types used were 1l to U grams as Oremet experience indicated this range
of seed sizes would yield a range of segregate sizes. A total of T9 seeds
were selected for use in the ingot.

Figure 58 is a photograph of typical seeds along with the chemical
analysis data.

lioles, 1/2 inch diameter x 1 inch deep were drilled in 79 locations in
the first melt ingot so that the seeds could be inserted. Hole locations
for the first melt ingot were profiled in the form of a right hand spiral
shown in Figure 59. Each hole was coded with proper identity to be certain
correct seeds were inserted. The seeds were inserted and normal sponge par-
ticles inside. Care was taken not to break brittle seeds in this process.

The second melt wes made using the seeded first melt ingot as an elec~
trode. Melting was accomplished according to standard practice. The melting
was stopped 3 inches from the top. Power cutback on termination of remelt
was purposely extremely rapid in comparison to normal practice in order to
induce a large pipe and shrinkage zone in the ingot top with possitle Type
IT alpha stabilized defects.

The second melt inget, Figure 60, was chamfered on the top and bottom
to breask the sharp corners to minimize cracking during subsequent forging
and was shipped to the Ladish Company for conversion to billet stock.

The ciiemical analysis of samples removed from the top and bottom of the
ingot is as follows:

Ingot Chemicai Composition (Heat No, RD 2234)

Element % by Weight Ingot
Top Bottom Aim

Alumirum 6.20 6.40 6.2

Vanadium 4.03 410 4.0
lron 0.166 0.164 0.16
Oxygen 0.18 0.14 0.16
Carbon 0.062 0.062 Low
Nitrogen 0.010 0.008 Low
Hydrogen 0.0019 0.0016 Low

GP74.01t7 112
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Nitrogen
Contaminated

Chemical Analysis of Seed Matarial

Nitrogen Content
Seed Type {Weight Percent)

Sponge No. 1 8.4
Sponge No. 2 44
Sponge No. 3 8.0
Meited Button No. ! 8.8
Meltea Button No. 2 8.7

PP,

GP/AO1 vy

e dae

FIGURE 58
SEEDS USED TO INTENTIONALLY PRODUCE
ALPHA SEGREGATION
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20-15/16 in. Typ

T R T

{ "Top of Ingot
6 in.
; 18 in,
; ; 24 in,
: | N,
! | Tye
f. H
' i 24 in.
} . Typ
E‘.’;' '
g’ 78 in,
F{ O - Buttons } Seed Location
X — Sponge
3 1 thru 19 - 6 Buttons, 14 Sponge
5 4.n. Vertical Between Holes
g 20 thru 79 - 15 Buttons, 45 Sponge
i 1-3/16 in, Vertical Between Holes
‘ Profile Pattern is a Right Hand
g " 15G in, Spiral Looking Down from the
4 ‘ Ingot Top on the Seed Location
’ ;
6-9/32 in, Typ—sJ 1
!
y g
1
|=—-——62-13/16 in. Circ. of Ingot — ——e{ b
’ FIGURE 59 GPI40I1) 178
: PATTERN FOR SEEDING FIRST MELT ;
]
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| FIGURE 60
FINAL MELT INGOY

The defects expected to be present in the 24 inch diameter ingot included
a void region with Type II alpha =tehilized defects in the top 12-18 inches
of the ingot (900-1300 pounds in weight). It was expected that the void area
would be healed by diffusion bonding during the forging cperations. However,
it has been observed that these voids can be lined with ¢n aluminum rich zone,
and an attempt was made to preserve this segregation by using relatively low
working temperatures and short heating times during the ingot conversion pro-
cess. The initiel ingot conversion took place at the Ladish Company. Ladish
usually forges at 2050-2100°F for initial ingot breakdown but they used 1950°F
for the subject ingot in order to retain the segregation. It is also possible
that the relatively rapid freezing rate without hot~topping produced one or
more zones of segregation in the top sectlon of the ingot.

il

Fale STy

The bottom portion of the ingot was expected to contain the Type I segre-

gation zones., [igure 61 shows the expected general locations of the various
defects.

2. INGOT CONVERSION TO BILLET, BAR PLATE, AND FORGINGS :

A schematic showing the steps taken to convert the ingot is shown in
Figures 62, 63, 64, and 65, After having been lathe turned to a 125 rms sur-
face finish and inspected, the ingot was heated to 1950° and press forged by
the Ladish Company to 18 inch round corner square (RCS) in one heat. Noxt,
the 18 inch RCS was reheated to 1800°F and press forged to 14 inch RCS. The g
RCS was hot sheared to 3 lengths (101, 67 and 62 Llnches) with the section ;
locations being based upon the discontinuity locations determined by the ultra-
sonic and radiographic inspections.

'he three billets were heat treated according to a proprietary lLadish p
process, After reheating to 1750°F the three billets were press forged to .
10 inch RCSG.  The 10 inch RCU from the middle and bottom portions f the ingot ]
were hot sheared as shown in Figure 62. The 10 inch RCS from the top portion :
of the ingot was not hot sheared at this sbtage to avoid any possibility of

cubtbting through the ingot plpe. If the ingot pipe wag opened to the atmo- }
sphere at this otage, the surfaces of the pipe would oxidize preventing the
: pipe from healing upon subsequent forgling.
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12-18in. \ \ 9

~ 900 ib

\ \ / | Segregates

.

\

%‘5 \ / \ Defect Free with
Possible Zones of

Freezirng Segregation

~ 4100 Ib 50 - 60 in. \ /
/ at Point of Power Cutoff

T I DT

¢ R e S P

%
~ 2600 1b 30-40in.

(Type 1 Alpha
Segregates)

i
4 GPr40N A0

FIGURE 61
EXPECTED INGOT DEFECTS AFTER SECOND MELT
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24 Rd x 108.n,
7930 b

¥
Turn to 126 rms

22-7/8 Dia. x 108 in.
71501b

X-ray and Ultrasonic Test
Draw Down to 14 RCS
Hot Shear to 3 Lengths

R

\ \
f tingot | ingot |\ Ingotl
Top | Middle | Bottom |
! \ L ll

I

I

¥

i

| ) v

; 14RCS x 62 in. 14 RCS x 67 . 14 RCS x 10t n.

] 141 1920 ib 1-3 2080 1b 12 3130 1b

; 14 R v

[ Draw Down to 9 Rd Draw Down to 10 in. RCS and Shear Draw Down to 10 ir . RCS and Hot

| Shear to Three Equal Lengths

{

! v Y

| ——

! 9 Ad x 182 in, 1920 Ib 10 RCS x 64 1n. | [10 RCS x 53 . 10 RCS x 59 in. 10 RCS x 69 in, 10 RCS x 58 .

! 1-1 Ultrasonic Test 1.38 1130 1b 1.3C 945 Ib 105 Ib 1045 ib 1045 |b
L T -

: Abrasive cut'lo 3 lengths Draw down to 9 1n, R'd. Draw down to 9in. Rd.

' |

t

s v ) ¥ _ V

! 1-1A 118 1-1C 9 Rd x 104 in. 9 Rd x 87 in. 9 Rd x 100 in. 9 Rd x 98.n. 9 Rd x 98 v

i 800 b 480 Ih 640 Ib 1.36 1130 1b 1:3C 945 1b 1-2A 1046 1b 1.2B 1046 Ib 1.2C 1040 1

‘ Ultrasonic Test Ultrasonic Test Ultrasonic Test Ultrasonic Test Ultrasons et

apza-.

FIGURE 62

CONVERSION OF INGOT TO 9 INCH ROUND BILLET
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9in, Rd { 9in, Rd‘

9in. Rd &

LTI T T IRD  g

1.1A 800 1b 1-1B 380 b
L Conversion
to
l 1-1A 6in, Rd 1-1/2 in. Plate

4in, RCS x BO\n.f

6 in. Ad x 80 ‘m.l

1-1A 360 1b

1-1A6-Ti 360 Ib

l

2 in. Square Bar B pes % 50 \ﬂ { $

Balance 30 1bBin. Rd
to Stock for
Forging
FIGURE 63

CONVEISION OF 9 INCH BILLET FROM INGOT TOP
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Stock
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9in. Rdx 104 in. 9in. x 87 in.
1-3B 1130 1b 1-3C 945 1b
6-1/2in. Rd ¢ Stock
1-38 1130 Ib
E
4in. RCS x 59 in. ¢ 6in. Rd x 142 in. ¢
1-382 280 Ib _J 1-3B 650 ib
A 4
2 in, Square Bar 5 pcs x 60 Ib l l
' 150 1b 550 Ib
for Disk Forgings Stock

GP74-0117.182

FIGURE 64
CONVERSION OF 9 INCH BILLET FROM INGOT MIDDLE

9in. Rd x 100 in. 9in. Rd x 98 in, 9in. Rd x 98 in,
1-2A 1046 I5 1-28 1046 Ib l 1-2C 1046 Ib
_ Stock 400 Ib 645 Ib
i tor Conversion Stock ;
‘; to 1:1/2 in. Plate !
! 4 in, RCS x 60 in, 6in. Rdx 130 in. i
! — ;
! 1-2A2 260 Ib 1-2A6 600 Ib )d
1 Notes: (1) 8 in. to be cropped from bLar
1 2A2 to rermava conter

2 defect indic.,con
{ 2in. Square Bar 6 pcs x 50 Ib J v 3
ﬁ 300 Ib 300 Ib ]
: Wyman-Gordon i
3 Forging g
y ap14.0117 180 ;
FIGURE 5 _{i
CONVERSION OF 9 INCH BILLET FROM INGOT BOTTOM ]
|
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Next, each 10 inch RCS was heated to 1750°F and press forged to 9-1/h
inch rough round. The surfaces were Tysaman ground to 9 inch round with a
125 rms surface finish, 1

As shown in Figures 63, 64, and 65, one piece of 9 inch round from each
;' of the three ingot sections was hented to 1750°F and press forged to 6 inch
‘ round by the Ladish Company. These pieces were then converted by the Ladish
Company to 2 inch square bar and forging blanks. The 2 inch square bar was
produced by open die hammer forging at 1750°F . 1800°F.

Plate, 1-1/2 inches thick, was produced from 9 inch round billets from
the top and bottom of the ingot. The 9 inch diameter billets were initially
flauttened to 4-1/2 inches thick by cross die forging at 1950°F by RMI Company. ;
Pinally, the two pieces were rolled on a four-high rolling mill to 1-1/2 |
inches thick from a furnace temperature of 1875°F. The plate was rolled
without reheating. A photograph of the two pieces of plate is shown in ;
Figure 66, ;

h e Swa e

(PR IR RN R

FIGURE 68
TWO PIECES OF ONE AND ONE-HALF INCH THICK PLLATE
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; Two inch squet bar was produced rrom each of the three tngot seetiong,

: Six tach diameter Lillet was press forpod ot L7501 - 18909 to b inch uguinre

| bar and then humner torged ot 1750°F = 1800°F Lo 7 ineh square bars,  Hext,

¢ Lthe 2 ineh bars wore annealed ot 1300°F tor 2 hours wand alr cooled,  i'ro-

E cescligr was completed by grit blasting. A photograph of the @ inch square

% bar is shown in Flgure 67.
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¢
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k ‘é

3

1
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FIGURE 67 arlduly bR

% TWO-INCH SQUARE BAR
]

Wyman=CGordon forged the alrframe and jet engine disk forgings, HNine Jot ,
engine disk torpings were produced, cach welghing 50 pounds; three of the !
torplngs came from the top ol the lnpot where the Type L] defeects are expected, !

4 Lhree came from the defect-=trec ingot center, and three came frow the ingot f
1 bottom where the Type | odefects are expected.,  To produce the disk forgings, i
' the € ineh Jdiametor billets were upset ot 177%°F 1o 6 inch thick pancukes, ;
reheated Lo LE5°F and olosed dic press forged to the finished disk configuras~ i

' tion. innlly, the forgings were anncaled at 1300°%¢ for ¢ hours and air
cooled. g
1
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Bight airframe torgings were produced, each weighing 25 pounds. Four of
the forgings came from the ingot top and four came from the ingot bottom.
The initial 6 inch diameter billets were shaped on open dies at 1775°F. After
being reheated to 1775°F, the pleces were blocked to intermediate shape on a
press and each blocked shape was cut in half to make two forgings. The pieces
were reheated to LTT5°F and closed die press forged to the finished part
shape. Finally, the finished forgings were annealed at 1300°F for 2 hours
and ulr cooled.

Prior to shipping, ull the forgings were grit blusted and pickled to
remove any alpha casc. Photographs of the forgings are presented in Figures
68 and 69, Drawings of the forging configurations are shown in Figures TO
and T1.

L WA N
Lo Amar sudndbdt "

FlGURE 68 G0N i
AIRFRAME FORGING

The moelting: of Lhe dneot and subcequent, eonveraslon o billet was con-
ducted in oo manner to o simulabe an actual production inpgot. A summary of' the
procedures used §u shown in Teble Wyoalong with the details of standord

proactioe,

A suwmmary of Lhe converslon Lo shown in Sable EW
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FIGURE 89
JET ENGINE DISK FORGINGS

8 in

3in

™

FIGURE 70
CROSS SECTION VIEW OF JET ENGINE DISK FORGING
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TABLE 43
INGOT INVENTORY LIST

Approx.

_ Total Approximate
Form Location in Original Ingot Waight Dimensions
{Ib) {in.
4 Airframe Forgings | Top (Tyre IT Segregates) 100 -
4 Airframe Forgins | Bottom (Type 1 Segregates) 100 -
3 Disk Forgings Top {Type 11 Segregates) 1560 -
3 Disk Forgings Middle (Defect Free) 1580 -
3 Disk Forgings Bottom (Type | Segregates) 160 -
1-1/2 in, Plate Top {Type II Segregates) 460 16Wx 131 L
1-1/2 in. Plate Bottom (Type I Segregates) 405 16Wx 1056 L
2in. x 2 in, Bar Top (Type II Segregates) 260 620 L
2in, x 2in, Bar Middle (Defect Free) 260 430 L
2in, x 2 in, Bar Bottom (Type 1 Segregates) 260 420 L
9in, Dia Billet Top (Type II Segreg:.tes) 480 48 L
9 in. Dia Billet Middle (Defect Free) 826 821L
9 in, Dia Billet Bottom (Type 1 Segrenates) | 1460 148 L
6 in, Dia Billet Top (Type [0 Segregates) 66 12L
8 in, Dia Billet Middic (Dutect Free) 330 72L
8 in, Dia Billet .Bottom (Type 1 Segregates) 336 68 L
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TABLE 44
COMPARISON OF INGOT PROCESSING WiTH STANDARD PRACTICE
Contract Standard Pfomium
item Ingot Ti-6Al-4V Ti-6AlI4V
ingot Ingot
Ingot Diameter 24 in. 24in,,30in,, 34 in,, 30in., 34 in,,
36 in. 36 in.
Ingot Weight 7600 b 7600 1b - 9000 -
14,000 14,000
Melt Practice Double Vac, Double or Triple Double or
Short Vac or Argor, Triple
Hot-Top Long Hot-Top Vac, Long Hot-Top
Ingot Breakdown 1950°F 1950%-2150°F 1960°-2160°F
to 18 in. Square
Conversion to 1800°F 1750°-1850°F 1760°- 1860°F
14 in. Square Round
Conversion to 1760°F 1750°-18J0°F 1760°-1800°F
9 in. Round & 6 in. Round
Conversion 9 in, Round 1950°-1875°F 1900°-1750°F -
to 1% in. Plate
Conversion 6 in. Round 1750°-1800°F 1750°-1800°F -
to 2 in. Square
Contour Forging 1760°F 1760°F 1760°F
AP74.0117.184
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3. INCPECTION OF INGOL

The ingot was inspected both radiographically and ultrasonically. Since
a previous Air Force program had been conducted to improve nondestructive
testing for inspection of titanium alloy ingots, the inspection of the sub-
Jject ingot was not developmental in nature (Reference 2). Maxy of the Allis
Chalmers and Ladish Company established production inspection techniques were
utilized since the primary objective of the ingot inspection was to select
the locations for shearing the ingot after the first draw down. In addition,
certain General Electric inspection techniques were used to increase the
effectiveness of the inspections. However, the inspections were not intended
to estublish the minimum detectable defect size nor to precisely detail the
location of each discontinuity in the ingot,

a, Radiography

The radiographic inspection of the ingot (125 rms surface finish)
was carried out by Allis Chalmers in Milwaukee, Wisconsin. The inspec-
tion was performed using a 24 MeV Allis Chalmers betatron and an
exposure of 1900 Roentgens, An ASTM E-142 No. 100 penetrameter was
used as an image quality indicator. PFront and back lead screens,
0,060 inch thick, were used and the back-up materisl was one inch
thick lead. The Kodak AA film was processed manually. Figure T2
shows the plan for the exposures taken (6 circumferential positions
for each of 10 axial positions). Twelve inch wide axial areas were
exposad using 14 x 17 inch film providing for film overlap. A sche-
matic of the ingot being radiocgraphed is in Figure 73. During the
exporures the film was flat as opposed to being curved around the
ingot., The image of the 1T hole and the outer edge of the pene=-
trameter panel were visible on 8ll the radiographs resulting in an
equivalent penstrameter sensitivity of 0.29 percent. The density
range of the radiographs was 1.5 to 3.0 H and D units.

The results of the radiographic inspection are shown in Table 45,
The schemetic in Figure T4 indicates the location of the axial and
apparedat circumferential dimensions listed in Table 45. As shown at
the bottom of Figure TU, there are two possible circumferential loca-
tions for each indication since it {s not possible to determine if the
indication lies on the far side or neer slde of the ingot using the
chosen techniques. The ingot pipe was found to start within 2 inches
of the top of the ingot and to extend to a depth of 15 inches from the
ingot top. Low density indications were evident thrcughout the length
of the ingot. A total of 22 indications were located (not including
the ingot pipe) varying in approximate size from .005 x .050 inch to
.010 x .150 inch. The large accumulation of Type I segregates expected
in the bottom of the ingot apparently was unresolvable by the radio-
graphic inspection,

b. Ultrasonic Inspection
The ultrasonic inspection of the ingot was carried out at the

Ladish Company in Milwaukee, Wisconsin., Prior to the inspection, the
surface of the ingot was lathe turned to a 125 ims finish. For both
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Circumferential Reference Zero - plug removed for property cicuns
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TABLE 45

RESULTS OF RADIOGRAPHIC INSPECTION OF INGOT

Axial Reference Zera - edge of chamfer approximately 1.4 in. from bottom: of ingot

, ]
Distance c!?'“m:‘ fro,inl Approximate Dimeiiicne
from Bottom ircumferentia Axial / Circumfu-ential Type ﬁ&
tin.) Reference Zero (mils)
{in.)
-— J

8.7 28.6 or 64.7 10 x 100 Low Density

10.1 26 or 61.2 20 x 60 Low Density
11.5 25 0r61.2 80 x 30 Low Density

14.1 19,5 or 5.7 20 x 100 Low Density
264 16.5 or 62.7 30 x 60 Low Density
26.6 7 or 43 150 x 10 Minor Low Density
314 24 2 or 60.5 20 x 100 Low Density
35.1 314 0r67.6 30 x 50 Low Density
41.2 6 or 42 5 x 50 Minor Low Density
434 17 or 63 80 x 40 Low Dens™ ¢
53.2 0.5 0r 36.8 20 x 40 Minor Low Density
54.0 Oor 36.2 50 x 2 Low Density
54.0 2.3 or 69,2 90 x 40 Low Density w/Depth
59.6 18,6 cr 64,7 20 x 40(3) Low Density
60.0 28 or 64.2 50 x 50(Round) High Density
62.2 0or 36.2 10 x 650 Low Density
62.4 252 0r61.2 20 x 120 Low Density

67 19.5 or 656.7 30 x 50 Low Der.

76.4 19 or 656.2 10 x 100 Low Density

86 27.5 or 63.7 20 x 160 Low Density
86.2 26.8 or 63 60 x 30 Low Density w/Depth
87.1 18.1 or 54.3 10 x 50 Low Density

90.5 to 107 Alt 18 in. all Void (Pipe) Tapers Outward
Around to Perhaps 9 in. at Approx
104 in, from Bottom

A = Axial Dimension c
- Ci imensi (o=
C = Circumferential Dimencion A L:T

‘15 Indicationg wore visually judgoed to be lov- _ansity or high density.
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the longitudinal and shear inspection, two separate pulser/receivers
(Sperry 10N and Sperry SN) were used in conjunction with two Automa-
tion Industries unfocused transducers and two Sperry 721 oscllloscopes
as shown in PFigure 75, The vertical linearity of the electronic system
had been checked by Ladish within 30 days of the ingot inspection.

Each pulser/receiver was checked for noise and calibration response

on the same reference standard; there was little difference in the
response of each. As shown in Figure 76, the two transducers were
positioned 4 inches apart and the scan direction was parallel to the
longitudinal axis of the ingot.

/— Transducer B

4in.——|/|—-—

| t —

rjlgoop —— Scan Direction Ingot
Transducer A Bottom
F'GURE 76 GP74.0117 190

SCAN PLAN FOR INGOT

The scan rate was approximately 3 inches per second; prior to the
actual ingot inspection, the scan rate was checked on the reference
standard to ensure that the holes in the reference standard were
detectable at that scan rate. After the transducers had scanned the
full length of the ingot, the ingot was rotated less than 1/2 inch
and the scanning was continued.

During the inspection, the automatic alarm was set to trigger at
50% of the response from a 3/64 inch diameter flat bottom hole, since
the search unit may not be positioned for maximum response when it
passed over each discontinuity. Therefore, prior to the inspection,
the reference standard was checked to verify that with a 1/2 inch scan
index the response was greater than 50% of the max.-mum response from
the 3/6l4 inch diameter flat bottom hole in the reference standard.
When an indication is found, in order to determine its actual size as
compared to the reference standard, the search unit must be manipulated
to maximize the signal response before making a value judgment.
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S1J series ceramic transducers were obtained from Automation
Industries for the ingot inspection. A group of transducers were
tuned for use with the pulser/receiver to be used in the ingot inspec-
tion. From this group, several optimum transducers were selected by
using the transducers on several Ti-6A1-LV test blocks containing both
natural and artificial defects. The characteristics of a typical
transducer used in the ingot inspection are shown in Figure T7.

Figure 77 shows the spectrum analysis when the transducer was
driven by a wide range pulser (Automation HRL) and also by the equip-
ment used in the inspections. As can be seen, the peak radiated
frequency using the 10N pulser was within 1;0% of the specified
frequency.

Previous experience in inspecting Jet engine disk forgings indi-
cated that some discontinuities undetectable using longitudinal
inspectiun are detectable using sheuwr., Consequently, both longi-
tudinal and shear wave immersion insp=ctions were carried out on the
ingot. The longitudinal inspection was performed using 1 inch
diameter unfocuied transducers and a frequency of 2.25 Miz and a
5-inch water path. A frequency of 2.25 MHz was necessary to inspect
to the center of the 2h-inch diameter ingot. The sound beam path was
as shown in Figure 78, The reference standard used for the longi-
tudinal inspecticn was a lh-inch diameter Torged Ti-6Al-4V standard
provided by the Ladish Company with 3/6L4 inch diameter flat bottom
holes at metal travel distances of 6 and 7.5 inches (Figure 79). It
would have been preferred to use a reference standard with the sanme
diameter as the ingot (24 inches) but only a ll-inch diemeter was
available at Ludish, During the inspection, the automatic alarm
system was set to trigger at 50% of the response from a 3/64 diameter
flat bottom hole, As mentioned previousiy, two pulser/receiver-
transducer arrangements were used., One channel was gated to inspect
the first 6 inches in depth of ingot and the second channel was gated
to inspect from a depth of 5 to 12 irches. The 5N pulser/receiver,
vhich was affected least by noise, was used for the 5-12 inch inspec-
tion. A summary of the equipment used is presented in Table L6,

Both an axial and clrcumferential shear wave ilnspection were also
performed. The same transducer and pulser/receiver arrangement was
used as was with the longitudinal inspection. Again, a scan rate of
approximately 3 inches per second was used and the scan index was less
than 1/2 inch. The sound bean directions within the ingot are depicted
in Figure T8. With circumferential shear wave, approximately the first
5 inches of the ingot was inspected, wh=reas, with axial shear, the
ingot material from the surface to the center (12 inches) was inspected.
Two 3/4 inch diameter unfocused transducers were used at a test fre-
quency of S MHz. The sound beam angle in water was chosen such that
the sound beam angle in the metal was U5 degrees. The water path was
W inches. The reference standard used for circumferential shear was n
1%, 5=inch diamcter torged Ti-AAl-UV standard provided by the Ludish
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FIGURE 77
SEARCH UNIT ACOUSTICAL ANALYSIS
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TABLE 46
EQUIPMENT USED FOR INGOT INSPECTION

Display Units - Sperry 721
Pulser Receivers - Sperry 10N (2 Units)
Sperry 5N (2 Units)

PO LSRR FRah TR L AT R TR AT AT

Transducers
Focal
. Spec Water
Serial Make s.'“ Mataerial l?inance Freq Path Use
(in.) in Water )
. (MHz) (in.)
{in.)
22684 | Automation| 1 Dia SU o >S5 | 225 2.26 5 Longitudinal
Ceramic
26226 . , SiJ Axial and Circumferential
26227 Automation | 3/4 Dia Ceramic 6.5 5 5 4 Shear
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Company with 0.020 inch diemeter side drilled holes drilled st metal
travel distances of 2,50 and 4,75 inches (Figure 79). Again, a 2h-
inch diemeter reference standard would have been preferred to match
the ingot diameter; however, the 1lh-inch diameter was the largest
available at Ladish. The reference standasrd for axial shear was as
shown in Figure T9.

Tha results of the ultrasonic inspection are shown in Table UT.
During the actual streight beam scanning of the ingnt materlal, the
background nolse amplitude never exceeded 20 percent of full catura-
tion., This was true for the inspection of the first 6 inches of
ingot and, also, for the 5 to 12-inch depth scan. Each indication
location was recorded with reference to the axial sedtion, depth from
the surface, and longitudinal section. The indications in the top 16
inches of the ingot (49 indications total) are probably due to the
ingot pipe. It should also be noted that a large number of indica-
tions (76 total) are located in the bottom 48 inches of the ingot,
where the Type I alpha segregates are expected, It is possible that
several of the shear indications are from the same discontinuity as a
longitudinal wave indication. In Sections 1l-zA and 1-2B, it is
apparent that several discontinuities that were detected using shear
wave were not detected by longitudinal wave. In Section 1-2A, 11
axial shear wave indications were present with only 9 longitudinal
wave indications. 1In Section 1-2B, there were 11 additicnal axial
shear wave indications. These results are further proof that discon-
tinuities can often be detected using the shear mode when they are
undetectable using the longitudinal mode. This may be due to the
orientation of the discontinuities, Also, since the waveleng.h ~f
shear waves is less than that of longitudinal waves (for a constant
frequency), the resolution capability with shear waves is probably
greater than wi‘th longitudinal waves.

An enalysis of the sound transmission charsuteristics indieates
that there was a difference of at least 12 dB between the reference
standards and the ingot material. Also, a variatioun of as much as
18 AP oxisted within smell sections of the ingot itse f.

pased upon these results of the ultrasonic inspection, the ingot
was cut into {i1e 8 longitudinal sections shown in Table 47 in prepa-
ration for further conversion to billet.

181

[P USRS Y




2R W T NITIEN T T R S T W T T T s =

w“ d
] i :
3 :
i
:
i
Y. N
w. :
w :
:
m SO8L-L2109L4D BAOUEIDY S LOMr RO,
3 o - - - i el el : - - - 01 tl-1-1]- : 3 4 6 o | o« |-z |ez 3 1
q o - - - - 0-t-1-1{- o - - - o |vlei-|z 1 - - - v -1 -1 ez
x | 4 - 4 - - i Lt 8 1t = - - 11 ryZzjeto 6 £ 4 1 i E|lZ[Z ]2 LAY
S - - 1 v |zlzf]- z - - - - J-lez|-1- 8 z - 9 - ftjelz |z 2 1
6 - £ 1 s Jelo]]- - - - - - l-1-1-1- 6 z - - ¢ Jejefe |- g 1
: s - i - - =1-1]- - - - - - |-1- - £ - - - € (el -|- TN
t - ~ - V-1 ] - - - - - - 4--i-i- st s v 1 s |s|»v]z |1 a1
[ - - - - 1-1-1-1- - - - - - -[=-1-1- £E £t - - - ciyluln vt ot
, monwpuy | ¥™O | 9 | vz | zo [v]elz! wonepy |90 1 99 { vz | zo {wfelz]s svonIou 920 | 9| vz |zo|v|c|z]s
5 ey meys . sanpy } vouses
.. : uy | (U nms may wadsg vones yercy : () 20wpns woy yadag uou32g ey rpeso ut) soupng woy ydsg v R | oniduor
moy sazpy 20onS e DD moy aaep sways (erxy mol 2az ) roupn2duoy 1
TUOIINE 16 2T WIBUS] 1NN P Olur DRESAD MAr VO 10U DN} BLO. wey mion,
w—.lli_ —] vs}w Ol—f=ui plfe— urgy i w9t —=t—ur 9y w gt ¥ 51 —=f &
1 3 T 1 I ] T ~ i
: I | | i [ _ [ | |
4 | | ! i | ] ] | | I
1 > >
Pzl OO0 O 06 6
¢ l g 1o | 5 ot I _ i { | f _
¢ g g g OO CTREARE: TR B TR 8t -1 k-1 vz gzt . oz
g ]2 |2 ]z2 doy | { | | | | !
2120808 g1 | _ | | | !
- L] w » m.w “
L | | } el I ] I | ; |
1 | | 25l | ! ! | | !
| | | | i I i I ] |
3 i | [ (\
ey Culy wy oy
3
. LOONI NI SNIILYIIAGNI JINOSYHLIN 50 HIGWNN
; v 3718vl




TR

D T

o3 nevene O HIRON ST EY

= S, B ko S Lt

INSPECTION OF 9 TINCH DIAMETER BILL®ET
a. Radiogravhy

The radiographic inspection of the billet Sections 1-1A, 1-2C, and
1-3B (see Table UT) was carried out by Allis Chalmers in Milwaukee,
Wisconsin. The inspection was performed using a °4 MeV Allls Chalmers
betatron and an exposure of 200 Roentgens. An ASTM No. 40 penetrameter
was used as an image quality indicator and was placed on the vource side
of the billet. Front and back lead screens, 0.060 inch thick, were used
and the back-up material was one inch thick lead. The source-to-film
distance was 9 feet and the film (Kodak M) was placed directly against
the billet material. The film wac processed manually. TFigure 80 showr
the plan for the exposures taken. During each exposure the filw Jae
flat as opposed to being curved around the billet. Twelve inch wide
axial areas were exposed using 14 x 17 inch film to provide for over-
lapping of exposures. The image of the IT hole and the outer cdge of
the penetrameter panel were visible on all the radiographs resulting
in an equivalent penetrameter sensitivity of 0.31 percent. 'the film
denslty ranged from 1.5 to 3.0 H&D units.

The results of the radiographic inspection are shown in Table U8.
As with the ingot inspection, there are two possible circumferentlal
locations for each indication since it is not possible to determine if 1
the indication lies on the far side or the near side of the billet using f
the chosen techniques. In comparing these results with the results of N
the ingot inspection, it 1s clear that the ingot pipe healed during con-
version to 9 inch billet. The pipe originally started within O inches
of the ingot and extended to a depth of 16 inches.

b, Ultrasonic Inspection

The ultrusonic inspection of the 9 inch billct was carried onut st
the Ladish Compuny in Milwaukee, Wisconsin. Two separate pulser/recelvers
were used in conJunction with Lwn long focused transducers and two
Sperry 721 oscilloscopes. Tiue vertical linearity of the electronic systernr :
had been checked by Ladish within 30 days of the inspection. FRach pulser/ 1
receiver was checked for nolse ani calibration response on the snme ref-
erence standard; there was little difference in the respouse ot oach. A 4
surmary ol the equipment used 15 shown in Table L9. Az chown in Figure 81,
the two transducers were positioned 4 inches apart and the Willet wus
rotated such that the scan was In a spiral. The scun rate waiy 2 inches
per second; prior to the actual billet ingspection, the scan rote wat ch- ked
on the reference standard to eonsurc that the roference holes were debeclk ble
at a scan rate of 2 inches per second. The scan index was L/h ineh por
revolution. The scan index wn: checked on the eference shtandrrd te dobop-
mine that with the chosen scan index, the response was granter Lhan S0 por-
cent of the maximum response from 3/64 diameter flat bottom hi:le in the
reference standard.,
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RESULTS OF RADIOGRAFPHIC INSPECTION OF 9 INCH BILLET

TABLE 48

Distar.ce Estimated Distance from Approximate Dimentions
Bille from Billet Distance Circuinferentiat |  {Axial/Circumferential) (in.)
End {in.) A from Ingot 2ero Location & . &
Bottom (in.) (in.) Film A Fiim 8
1A 4 106 27.1 A\ 11/4x1/8 -
(Bar and Forgings 27.6 100.5 16.6 or 20.0 3/8x 172 1-1/4 x 1/8
from Ingo( Top) 28.5 100 16.6 or 27.8 3/16 x 3/8 6x1/18
20 99.8 162 /2 1/8 % 1/4 -
1.38
(Bar and Forgings 103.F 61 131 A\ 1/8 x 6/16 -
from Ingot Middle}
34 10.8 279 A\ 1/8 x 3/8 -
77 a7 236 /A 1/4 x 3/8 .
79 4.36 236 A\ 3/16 x 3/8 -
1.2C 80 3.7 23.6 A\ 1/2 % 3/16 -
(Plate from 90 2.1 179 A\ 1/2 x 3/16 -
Ingat Bottom) 96 0.81 107 A | 212x118 -
89 0.66 14.7 or 26.6 4x1/8 3x1/8
100 0.484 16.3 A\ 1:3/4 x 1/4 -
103 - 1.9 /2 1x1/4 -
103 - 16.6 2\ 1% 1/2 .

A Billet enid nearest ingot top,

A The indication was not visible on second tilm,

A Sae igure 38 for tiim location,

A = Axil Dimension

C : Cicumterential Dimension

-t

- -
Aei b
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TABLE 49
EQUIPMENT USED FOR 9 INCH BILLET INSPECTION

Display Units - Sperry 721
Pulser Receivers - Sperry 10N (2 Units)
Speiry 5N (2 Units)

Transducers
Serial Make Z'n“’ Materiel f:::.EV:E:: i::; :::: v::tt:: Use
: ) (in.) (MHz) {MHz) {in.)
ggggg Autometion| 3/4 Dia Ce.rsalr.;ic 6.6 6 ) B g:;:i and Gircumfurential
Fraiog | Bremen | 3D | SRR | o | to | s | a |

P74 011/.188

Transducer B8 -~

Transducer A

Qr74.0117 199 é

FIGURE 81
SPIRAL SCAN DURING ULTRASONIC INSPECTION OF 9 INCH DIAMETER BILLET
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Several transducers wers obtained for the billet inspection. These
transducers were focused, some with a focal length of approximately 9
inches in water and others with a fucal length of approximateliy 6.5 inches
in water. The tranaducers were optimized for the billet inspection using
the methods des:ribed under the ingot inspection. The transducers were
selected specifi~ally for use with a specific pulser/receiver (either
Sperry SN or Sperry 10N, as applicable). Previous experience has indicated
that some discontinuities that are not detectable using the longitudinal
mode are detectable using a shear mode inspection. Consequently, both
longitudinel and shear wave immersion inspections were carried out on the
9 inch diameter billet.

The longitudinal inspection was performed using a 3/4 inch diameter
focused search unit pulsed at 5 MHz. Two Sperry SN pulser/receivers were
used, The sound beam angle is shown in Figure 78. A & inch water path
was used. The reference standard used for the longitudinal inspection
was & 9.25 inch round of forged Ti-6Al-4V supplied by Ladish Company with
3/64 inch diameter flat bottom holes at metal travel distances of 2, 3,
and 5 inches (Figure 82).

As previously mentioned, the scan index was 1/4 inch per revolution
of the billet and the scan rate was 2 inches per second. Both the scan
rate and the index were checked on the reference standard prior to testing.

The difference in sound transmission characteristics between the ref-
erence standard and the 9 inch billet was checked using the 9 inch round
circumferential shear reference standard and a representatlve plece of
billet. The vieces were set~up for straight beum immersion vesting and
back-surface response through the refrrence standard was adjusted to
80 percent of saturation. Next, without changing the gain the back-
surface response through the 9 inch billet was monitored., It was found
that there was no more than 2 dB difference between the two. Since the
circumferential shear reference standard and the longitudinel reference
standard were machined out of the same plece of material, it was essumed
that the circumferentiasl shear standard could be substituted for the
longitudinal standard to make these measurements.

The scanning gain was established by adjusting the response to the
hole at 5 inches metal travel to 80 percent of saturation. All discon-
tinuitles whose amplitude exceeded 50 percent of saturation were evalu-
ated further. The search unlt was posicvioned over the discontinuity and
the response was compared to that from the hole in the reference standard
with a metal travel closest to that of the discontinuity.

Both an axial and circumferential shear wave inspection were performed.
The same test equipment arrangement was used as with the longitudinal
inspection. Again, a scan rate of 2 inches per szcond was used with a
scan index of 1/4 inch per revolution. Each were checked with the refer-
ence standard prior to testing.
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With circumferential shear wave, approximately the first 3 inches of
the billet was inspected, wnereas with axial shear, the billet material
from surface to center (4-~1/2 inches) was inspected. DPillet Sections 1-1
and 1-2B were inspected using two Sperry SN pulser/receivers, two long
focused Branson transducers, 3/4 inch diameter, pulsed at % MHz, The sound
beam angle is shown in Figure 78. The water path was 6 inches. Billet
Sections 1-2A and 1-2C were inspected using two Sperry 10N pulser/receivers,
two long focused Automation transducers, 3/4 inch in diameter, pulsed at
5 “Hz. The sound beam angle is shown in Figure T{ and a water path of
S5 inches waa used., This arrangeinent was nec~asitatad by the availability
of equipment, Tha reference standard used for circumferential shear was
a 9.25 inch diameter round of forged Ti-6Al-LV supplied by the Ladish
Company with 0.020 inch diameter side drilled holes (Figure 82). The 9,25
inch diameter forged reference standard had been fabricated in s muanner
similar to the 9 inch dlameter billet to be inspected resulting in littla
difference (less than 2 dB) in sound transmission characteristics between
the two.

A reference standard with 0.020 inch diameter side drilled holes at
metal travels of 1.5, 2, 2.5, and 2.75 inches was used for the axial shear
inspection (Figure 82).

The results of the ultrasonic inspections are shown in Table 50. The
indication found by longitudinal wave in Axial Section 1 in Longitudinal
Section 1-1A was 1.3 inches long; it is suspected that this is a section
of ingot pipe still remaining as is the 3 inch long indication found by
longitudinal wave in Axial Section 4 in Longlitudinal Section 1-1C.

In Sectlon No. 1-2A, it is apparent that several discontinuities
detected using circumferential shear wave were not detected using longi-
tudinal wave. Specifically, there were 21 circumferential shear indice-
tions and only 8 longitudinal indicationg in the same volume of material.
Obviously, the effectiveness of billet inspection can nften be increased
by supplementing the usual longitudinal wuve inspection with a shear wave
inspection due to defect orientation and the difference in resolution
capability vetween longitudinael and shear waves.

¢, Mucroetecning and Anodie Etch

A cross gsection was cut from each of the eight 9 iunch diameter billets
for etcking evaluation. Prior tc etching, the disks were machined flat,
Macroetching was performed by the Ladish Company using a 15% HNO; - 5%

HF - Balance Hp0 solution. The general appearance of the macroegched
surfaces were similar to that of & typical commercial 9 inch round Ti-AfA1-4V
billet as shown in Figures 83 and 84. Examination of all the macroe’.ched
surfaces revealed »nly on2 discontinuity. That discontinuity was located

in the disk cut f>om the bottom of the ingot; it was this area that had
been irtentionally seeded to produce Type I stabilized alpha. A photograph
of the macru-tched surface at the discontinuity is shown in Figure 85.
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FIGURE 83
TYPICAL MACROETCHED BILLET SURFACE FROM SEEDED INGOT
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FIGURE 84
TYPICAL MACROETCHED SURFACE IN COMMERCIAL 9 INCH BILLET
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FIGURE 85
DISCONTINUITY IN 9 INCH BILLET (1-2B)
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Arter macroetching, the disks were sent to Metals Testing Company in
South Windsor, Connecticnt to be anodically etched. The discontinuity
detected during macroetching etched dark blue 1in this process. No other
obvious defects were evealed. However, some of the disks from the top
section of the ingot, Bar 1-1B in particular, showed patches of blue
etching alpha of a deeper shade than surrounding areas. These rreas

did not have the typical "lightening streak," zig-zag, pattern of alu-
minum segregation found in Ti-6A1-4V forgings in the past.

Following the anocdic etching, metallogrephic cross sectlons were taken
through several of the 3disks., One cross section was taken through the
discontinuity revealed by macroetching and anodic etching. In addition,

a total of 12 metallographic cross sections were taken at random from
several of the disks. The discontinuity previously detected by macro-
etching was found to .+ a typical Type I alpha stabilized vold with crack-
ing around the void (fee Figure 85). No additional discontinuities were
found In the random cross sections.

Since only one Type I alpha stabilized area was detected, it appears
that macroetching and anodic etching of random billet sections are ineffec-
tive techniques for establishing the existence of Type I alpha stabilized
areas. Thils conclusion is based upon the assumption that a large number
of Type I discontinuities are present in the 9 inch billets as indicated
by the ultrasonic indications.

The lack of macroetching indications in the billet sections from the

top of the ingot suggests that the ingot pipe was completely healed during
ingot conversion.
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5. INSPECTION OF 6 INCH DIAMETER BILLET
a. Ultrasonic Inspection

The 6 inch diameter billet cections to be converted to bar and
forgings were ultrasonically inspected. Prior to ultrasonic inspection,
the billet surfaces were Tysaman ground to a 125 rms or better surface
finish.

A summary of the ejyuipment used during the inspection is shown in
Table 51. The inspections were carried out by a variety of inspection
personnel at several locations within the plant; hence, the large
variety of equipment. Again, as with the ingot and 9 inch diameter
billet inspections, two separate pulser/receivers were used in con~
Junction with two transducers and two Sperry T2l oscilloscopes. One
pulser/receiver-transducer combination was used to inspezt to a depth
of 1.5 inches while the other was used from 1 to 3 inches. The vertical ﬁ
linearity of the elactronic systems used had been checked by Ladish 5
within 30 days of the inspection. Each pulser/receiver was checked for
noise and calibration response on the same reference standard; there o
was little difference in the response of each. 3

The position of the transducers during inspection is shown in Fig-
ure 86. The 6 inch billet sections were rotated such that the scan
was in a spiral. The scan rate was 3.9 inches per secondj prior to the
actual billet iuspection, the scan rate was checked on the reference
standard to ensure that the reference holes were detectable at a scan
rate of 3.9 inches per second. The scan index was 0.1 inch per revolu-
tion. The scan index was checked on the reference standard to determine
that with the chosen scan index the response was greater than 50 percent
of the maximum response from the applicable flat bottom hole in the
reference standard. Each billet secti~sn wus examined through the half-
section thickness.

The reference standards used for the inspections are shown in Fig-
ure 87. Prior to the inspections the difference in sound transmission )
between the longitudinal reference standard and the 6 inch billet and the F
axial shear reference standard and the 6 inch billet were measured. '
First, the 6 inch diameter circumferential shear and 6 inch diameter
billet were placed in the water. The back surface reflection of a 4
straight beam through the reference standard was adjusted to 69 percent
of saturation. Next, without changing the gaia, the back reflection
throvgh the 6 inch billet was noted to be 57 percent of saturation. b

The axial shear reference standard and the 6 inch billet were checked
next. In this case, the sound beam in the shear mode was reflected off
a corner of the axial shear reference standard through 6 inches of metal,
The response was adjusted to 60 percent of saturation. Then, witnout
changing the gain, the sound beam in the shear mode was reflected off the
far surface of the billet, and, this response was 75 percent of satura-
tion.

It was decided, from these tests, that it was not necessary to
compensate for sound transmission differences.
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ULTRASONIC INSPECTION SETUP
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a. Ultrasonic Inspectlon (Continued)

The results of the ultrasonic inspections are shown in Table 52.
As can be seen, there are a large number of indications in thoee pieces
vhich were converted to 2 inch square bar and forgings,

b. Radlographic¢ Inspection

The radiographic inspection of those 6 inch diameter billet portions
to be converted into forgings was carried out at the General Electric
Company in Evendale, Ohio. The inspection was performed using a 2MeV
Vandergraf accelerator and an exposure of 650 Roentgens. A 0.015 inch
thick MIL-STD-l53 penetrameter was used as an image quality indicitor
and was placed on the source side of the billet. Front and back lead
screens, 0.060 inch thick, were used and the back-up material was one
inch thick lead. The source-to=film distance was U feet and the film
(DuPont NDT 75) was placed directly against the billet material. The
film was processed manually. Figure 88 shows the plan for the expo~
sures taken. During each exposure, the film was held flat as opposcd
to being curved around the billet. Twelve inch wide axial areas were
exposed using 1i x 17 inch film to provide the overlapping of exposures.
The overall film density ranged from 1.5 to 3.0 H and D units. The IT
penetrameter hole and the outer edge of the penetrameter panel were

discernible in every radiograph resulting in an equivalent sensitivity
of 0.18 percent,

Film A

@ __l — '-—-12 in. Typical i

60°
| 1 1 1 ) 1 1
7<: I T T R B
80° I T T T B
S< N -_1
| I { | _ ] | 1
60°‘| Film B ‘
@ FilmC :,
aP74.0117 128 %
FIGURE 88 3
SCHEMATIC SHOWING EXPOSURE LAYOUT FOR RADIOGRAPHIC d

INSPECTION GF 6 i\, BILLET

The results of the radlographic inspection are shown in Table 53 and
a comparison of the radiographic indications with the results of the
previous ultrasonic inspection is presented in Table 54. As can be seen
from Table 54, many more indications were discovered witi: the ultrasonic
method as opposed to the radiographic method.
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ULTRASONIC REFERENCE STANDARDS FOR 6 INCH BILLET INSPECTION
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TABLE 63

' RESULTS OF RADIOGRAPHIC INSPECTION OF 6 INCH BILLET 1.2A6

g Forging | Forging | Distance Approximate Dimensions

4 Blank No. ;:on; Distance from Circumferential Zero (C) A {Axiai/Circumferential) {in.)

an

] End A | Fima A\ | FimB A\ | Fimc A\ | Fima A\ | FimB A\ | Fimc A
3 7 - 1.0 - - 1/18x 1/8 -

A 2 - 2.3 - - 1/16 Dia -

.- 3 GEB 4.7/8 8.7 - .= 1/32 x 1% - -
12 6.7 - ~ 0.025 Dia - -

: 1/2 1.6 - - 0.026 Dia - -

- ) GE8 2-1/4 12.1 2.35 - 0.070 Dia 0.050 -

i 1.5 - - 16.3 - 0.040 Dia -
L 1 G4 0.2 16.6 13.4 7.2 0.15 % 0.15 % 0.4 %
E 2.9 1.9 10.1 8.7 0.3 0.16 0.3
L 2.8 17.0 13.4 6.6 06 A | 04 03
S 2 M-1,2 8.0 0.2 1.6 7.0 . 0.2 0.3
| 8.6 0.6 11.9 8.4 - 0.3 0.3

g 9.7 1.3 "7 6.2 056 A | 026 0.3
: g 4 M-3,4 4.0 0.6 13.1 5.0 0.16 - 0.3 Dia
} i 6.1 17.2 12.4 7.4 0.5 - 0.2 Dia
| 9.8 1.1 13.2 4.4 0.4 - 0.15 Dia

A Forging Blank End Nearest Ingot Top

F \/—Flln\

Indication
c % on Film
1 :
3 X Ray Source /\ E
g E.
A See Figure 43 for Film Location ;
/A\ Ellipsa Length 5
! 4
4 ;
1 b
] c
' >
A . -.
4 H E
) A = Axial Dimension k.
: C = Circumferential Dimension A q
1
o :
3 arraoi17127 )
3 | %
201
4
.;"'
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TABLE 54

| COMPARISON OF RADIOGRAPHIC AND ULTRASONIC INDICATIONS

A IN 6 INCH BILLET 1.2A8
:_ Number of Indications
4

;_ o Bl e e e
: GE1 | 1.38.6 7 2 0 - |
! : GE2 1-38-6 8 3 0 - 1
; ( GE3 | 1386 0 a 0 - j
( GE4 | 12A8 1 " 4 2 ]
i ‘ GEE | 1-2A8 3 9 0 6 :
3 GE6 | 12A8 5 9 8 2 ﬁ

¢ GE7 | 1.1A8 10 o 2 -

' GE8 1.1A-6 12 8 2 -

; GES | 1-1A8 14 7 6 -

-- | MCi | 12A8 2 19 0 4 |
; MC2 | 1.2A6 ;
‘i MC3 | 1248 | 4 9 5 3

MC4 | 12A8 ,
MC6 | 1-1A-8 " 6 2 _
MC6
Mc? | 1-1A6 13 9 1 )
MC8
QP74.0117 126
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6. CORRELATION OF INSPECTION RESULTS

The ultrasonic inspection results for the ingot, 9 inch diameter billet
and 6 inch diameter billet were analyzed to determine how many of the longi-
tudinal and shear wave indications result from the same discontinuity. A
total of 172 ultrasonic indications have been evaluated as to their location.
Of these 172 indications, only a few were cloce enough together to coneider
the shear wave and longitudinal wave indications were from the same discon-
tinuity. For example, there were a total of 138 indications detected by
longitudinal wave and a total of 15 indications detected by circumferential
shear wave in Section 1-2A of the 6 inch billet. Since none of these indica-
tions were in close proximity, it can be concluded that 15 diecontinuities
vere detected by shear wave that were not detected by longituvdinal wave.

This may be due to the orientation of the discontinuities. Also, since

the wavelength of shear waves is less than that of longitudinal waves (for a
constant frequency), the resolution capability with shear waves is probably
greater than with longitudinal waves.

T. SUMMARY OF NDT RESULTS

A summary of the ultrasonic and radiographic test results for the ingot,
9 inch billet, and 6 inch billet inspections is shown in Figure 89, From
these results, {t can be seen that the ingot pipe, which was intentionally
exaggerated during melting, was healed during the conversion to 9 ineh billet.
The total number of longitudinal indications decreased from 57 to 3 when %the
total number of shear indications decreased from 11l to 2. Also, the pipe
was not detected during the radiographic inspection of the 9 inch billet.
Ag can be seen from the 6 inch billet resuits, a large number of indications
are present in the material to be converted to bar and forgings indicating
that & large number of segregates survived the conversion procrss.

As was previously mentioned, the ultrasonic and radiographic testing
conducted on the ingot and billet material was r.ot developmental in nature
as a previous Alr Force program had been conducted to improve nondestruc-
tive testing of ingoet and billet material (Reference 2). The purpose of the
inspections was to select the locations for shearing the material for sub-
sequent conversion, It became clear during the program that several ultrasonic
techniques still need to be implemented into ultrasonic inspection of ingot
and billet as presently practiced by the industry. For example, reference
standards should be used which have metal travels extending over the depth
range to which the test part is to be inspected. Such reference standards
were not aveilable for the ultrasonic inspection of the ingot. The billet
surfaces were prepured for ultrasonic inspection by Tysaman grinding and the
reference standards had a machined surface of 63 rms or better. It was
learned that no compensation is normally made for this difference in surface
finish from reference standard to test part. 8Several other aspects of ultra-
sonic inspection do not seem to be adequately controlled through specifica-
tions, For example, inaccuracies were found in the decade switches on some
of the pulser/receivers and these are not normally checked periodically.
It was found that the search unit characteristics are not always required to
be checked and compensation requirements for differences in sound transmis-
sion characteristics between the reference standard and the test part are not
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7. SUMMARY OF NDT RESULTS (Continued)

well defined in some cases., Also, it was found that many of the techniques
developed in the previous Air Force developmental program on ingot and billet
inspection have not been implemented on a day-to-day basie.

Based on these observations, then, it appears that many improvements
still need to be made in areas of ingot and billet ultrasonic inspection.

Type of Top | Middie Bottom ——e
Inspection Calibration Q 18in. 28in. 41in. B6In. 68in. 81in. 94in. 108 in.
Axial Shear 0,020in.| 0 0 0 :'j: 1 2 T.L L "l 1 1
Circumferential Shear T T
. 1 1 9 i+ 1 B 1+ 1 3 0 o
0.020 in, —t —t— ingot 23:1/2 in. Dia
Longitudinal 0.047 in.| 48 3 6 1o 6 8 11 8 1 38
Radingraphy #100 | Pipe | 3 1 11 B 4 11 3 2 4
' 'l )

0 76in.120in,182in.0 103in.188in.0 98 in. 192 in. 201 in,

Axial Shear 0,020 in, 1 0 0 X X o] 0] 0
Circumferential Shear
" 1 0 1 X X 0 0 10
0.020 in. Billet @ in. Dia
Longitudir.al  0.047 in, 2 0 1 1 6 8 7 28
Radicgraphy #40 b X X 1 X X X 10
(1.1A) Plate Stock (1.3B) Stock (1-2A; Stock Plete
(1-2B) Stock
{1-2C)
' N N\
0 80in. 168in.0 68in. 139in. 201in. 0 60in. 136in. 180 in.
Axial Shear 0.020in, 0 0 1 0 0 1 1 0
i f
Clrcumferentlel Shear [~ a | o | 3 ol 3 o
. . illet 6 in. Dia
A\ Longitudinel 0031 in. TegaTa710r] [e1im] 36 @] 2] [42110) 66 (7)] 30 12
Radiography X i 0 X X 0 X 18 X
Bar 6 Bar  Stock 3 Bar 6 Stock
Stock Forgings (1-382) Forgings (1-2A2) Forgings
{1.-1A8) (1-1A8-Ti) {1-38) (1-2A8)
Numbar | hesls | 1
Indications whish ied 8 saturated response, oP7a 0117 200

X Not Done

FIGURE 89
SUMMARY OF NDT RESULTS
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SECTION Vv -

NDT CAPABILITY

The capability of the improved penetrant, ultrasonic, eddy current, and
radiographic methods for the detection of digcontinuities was measured,
Discontinuity types used were surface cracks, internal cracks, porosity,
fatigue cracks in fastener holes, and Type I and lype 11 segregation in bar,
plate, airframe forgings, and engine diusk forgings. Muny of the test specimens
were inspected under laboratory, production, and overhaul inspection conditions
by Jet engine inspection personnel and airframe inspection personnel. The
nondestructive testing techniques were intended to represent the present
state-of~-the-art; however, where possible, technique improvements developed
earlier in the program were incorporated. TFinally the uctual size of several
of the various discontinuitics were measured.

1. BSURFACE CONNECTED CRACKS

A program was carried out in order to measure the capubility of penetrant,
ultrasonic, radiographic, and eddy current testing tor detection of surface
cracks in titanium. A summary of the test program 1ls presented in Table 55,

TABLE 66
SUMMARY OF INSPECTION METHODS USED
FOR DETECTION OF SURFACE CRACKS

Environment

Testing Group

Test Method

Fluorescent Penetrant

Laboratory Airframe Eddy Current
Fluorescent Penetrant
production | Atrame | Sursce Wate Urnnsoncs
Radiography
Cverhau! ) Airframe Fluoryscent Penetrant
Laborat;—r;- Engine Fluorescent Penetrant
Production Engine Fluorescent Penetrant
Laboratory AFML Fluorescent Penetrant

ar74.01471

a. Tension - Tension Fatigue Specimen Fubrication

Specimens containing surfuce connected cracks were produced by sub-
Jecting futigue specimenc (see Figure 90) to tension-tension fatigue
using a 50,000 pound Sonntag fatigue machine, Eleetrical discharge
machined (EDM) slots were incorporated at various locations to serve as
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fatigue crack initiators (see Figure 90). During fatiguing & cyclic rate
of 30 cycles per second was used, A summary of the fatigue parameters ir
shown in Table 56, As shown, more than one crack was produced in several
specimens. Therefore, the same specimen number may appear in more than
one location in Table 56, The fatigue cracks were grown to predetermined
lengths by optically monitoring the crack growth. For those specimens
which had more than one EDM slot, the crack in Position A was monitored.
After the fatigue cracks were grown, the grip ends were cut off tue
specimens and the EDM slots were machined off. The surface finish after
machining was better than 62 rms. A set of specimens were selected from
the group such that ten cracks were available in each of the following
c¢rack length ranges:
less than ,025 inch

025 to .050 inch

.050 to .10 inch

10 to .25 iach

25 to .50 inch

b, Liquid Penetrant Testing of Tension~-Tension Fatigue Specimens

(L) Laboratory Inapection

The test specimens described in Table 50 were all penetrant
inspected under laboratory conditions using a high sensitivity fluorescent
penetrant system. Tracer-Tech P-133 penetrant was used, aloug with
Tracer-Tech DL99C nonaqueous wet developer. This system is equivalent
in sensitivity to a MIL-I-25135, Group VI system. A luboratory NDT
specialist, with several years experienc: with penetrant inspection,
performed the inspections using laboratory equipment., The technicilan
did not know the location of the cracks in the specimens. The specimens
were first alkaline cleaned, pickled to remove 0.0004 inch from euch
surface, and water rinsed., Next, the specimens were vapor degreased for
16 hours. Penetrant was applied by dipping. A penetrant dwell time of
10 minutes was used and the specimens were allowed to drain in air during
that period of time. Excess penetrant was removed using o Tri-Con L0050l
water spray nozzle; the wash water temperature was approximately TGPF and
the wash water pressure was approximately 40 psi. 'The specimens were
vashed until clean under 200 microwatts per cm? of ultraviolet light.
Next, the specimens were dried for 20 minutes in a circulating air oven
at 1T0°F. After a bleed-out time of 5 minutes, the specimens were |
visually examined for crack indications. Prior to examining the svecimens,
the laboratory inspector allowed 5 minutes for his eyes to adapt to the
darkness of the inspection booth., During the inspecetion, the ultiravioletl
light intensity at the specimen surface was greater than 6,000 microwattu
per cm@ as measured with the Ultraviolet Products BLAK RAY UV meter,

Model J-22L, and the visible light level in the inapection booth was less
then 1/2 foot candle as measured with the Photo Research White-Spectira
Illuninator Meter, Model FC~200A. The laboratory NDI specialist was
instructed to mark linear indicatious, Rounded indications were not
considered. The inspections were performed on 3 separate occasions. The
flrst round consisted of inspecting approximately 60 pieces which included
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TABLE 66

PARAMETERS FOR SURFACE CONNECTED CRACKS MADE BY TENSION - TENSION
FATIGUE (STRESS RATIO = 0.1)

Target Elox cimen oad Number of
Crack Length Size s':: mber 'IM Cycles
{in.) {in.)
) 33,750 333,000 %
46 33,750 168,000
47 33,750/45,000 | 480,000/36,000 /A\
63 46,000 60,000 /3\
Less 54 41,000 /3
Than 0.016 x 0.06 x 0.003 56 365,000 /3\
0.025 86 44,000 /3\
70 36,000 A\
78 31,000 A\
7 31,000 A\
81 36,000 /3\
34 46,000 28,000 /3\
13 12,000 3\
14 18,000
0.026 57 28,000
to 0.030 x 0.010 x 0.003 67 38,000 A3\
0.050 L/IS 64 24,000 /3\
66 37,000 3\
72 56,000 /3\
73 36,000 A\
76 34,000 A\
33 33,750 35,000
36 44,000
24 95,000
0,050 38 84,000
to 0.060 x 0.020 x 0.005 0 71,000
49 56,000
0.100 56 665,000
14 32,000
63 45,000
8 86,000
GrPI4-0147 119
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TABLE 66 (Continued)

FATIGUE (STRESS RATIO = 0.1)

PARAMETERS FOR SURFACE CONNECTED CRACKS MADE BY TENSION - TENSION

Target Elox Specimen Load Number of
Craclf Length s,i“ l::fnbor (Ib) Cycles
(in.} {in.)
3 33,750 104,000
4 152,000
9 138,000
0.100 1" 114,000
to 0.060 x 0.020 x 0.005 13 81,000
0.25 16 168,000
19 148,000
20 129,000
26 148,000
27 141,000
2 33,750 201,000
8 132,600
12 199,000
2 10,000
to 0.060 x 0.020 x 0.005 !
0.50 23 122,000
28 113,000
29 116,000
30 81,000
31 123,000

Target length was 0.0°7 in. Specimen surface was machined tou reduce crack length to 0.025 to 0.080 in. range
Salt was applied to the Elox after 320,000 cycles
Salt was applicd initially

4\ Fatigued for 480,000 cycles at 33,750 Ib; then another 36,000 cycles at 45,000 Ib

Cracks

Test Specimen

209

GP74.0117.220

"

i ok, R




o

¥ DR

o .

o e

Se
hr
!
Iy
iy
ks
"
B

AT R

25 uncroacked "dummy" specimens. The second and third rounds were performed
on approximetely 12 pieces of which 4 were uncracked dummies. Each
specimen was steel stamped with an identification number which was random
and bore no relationship to the crack size in the specimen.

The results of the inspectiol. are presented in Table 57.

The test data is binomial in that each flaw is either detected
or not detected. Consequently, the data can be presented in terms of the
probability of detection. The confidence of the test was established
at 95 percent and it was desired to find the crack size range at which the
probability of deteciion 1is greater than 90 percent. As can be seen from
Table 57, for cracks .02% to .050 inch long, 30 out of 30 were detected.
Thege results indicate that, 95 percent of the time, the probabhility of
detecting cracks .025 to .050 inch long is at least 90 percent. If one
congiders the data for oll cracks greater than .025 inch long, it can be

said that, 9% percent of the time, st least 95 percent of the cracks will
be detected,

During the entire laboratory testing, a total of two false
indications were marked. A false indication, for the purposes of these
tests, was considcred an indication located where cracks were not
intentionally grown. No measures were taken to determine the origin of
the false indications (surface pits, scratches, etc.).

(2) Production Inspection

The test specimens described above were penetrant inspected
using production facilities and iluspection personnel. The test specimens
were initially vapor degreased for 16 hours after the laboratory
inpsection effort previously described had been completed. Penetrant
inspection was performed using Tracer-Tech P=133A fluorescent penetrant
and D49YC nonaqueous wet developer. This system is equivalent in
sensitivity to a MIL-I-25135, Group VI system. The specimens were immersed
for 10 minutes in the penetrant and then excess penetrant was removed by
water spray washing using & Tri-Con L0050l nozzle, a wash water presesure
of 4O psi and a water tomperature of T89F., The specimens were washed
until they appeared clean under 200 microwatts per cm? of ultraviolet
light. After having been dried with forced air heated to 159°F, the
specimens were sprayed with Tracer-Tech D499C nonaqueous wet developer.

A Devilbiss Co. type MBC 715893 spray gun was used with a 1 quart type KR
suction feed cup. After & 15 minute bleed-out time, the specimens were
examined by a production penetrant inspector, designated Inspector A. All
the production penetrant inspectors used for the program have been qualified
to Level II of ASNT Recommended Practice No. SNT=-TC-~lA, Supplement D.

The ultraviolet light intensity at the inspection surface was greater than
6,000 microwatts per em® as measured with an Ultraviolet Products, Inc.
BLAK-RAY UV meter, Model J-221, and the background white light level was
less than 1 foot candle as measured with a Weston 703 meter. UDPricr Lo
inspecting the specimens, the inspector allowed 5 minutes for dark
adaptation. The specimens were inspected in batches of approximately 30
pieces of which approximately 10 pleces were uncracked "dummies". The
inspectors and supervisors were not sware of the location of any of the
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RESULTS O LABORATORY PENETRANT INSPECTION

TABLE 67

Crack Loageh Spocimen Laboratory Penetrant Inspector Probobility
Muage | OOt Ne = Toul o ../1_\l
(i) " A s ¢ 0 £ Detoction
Less c 36 117
Than A 63 m”n
0.025 A 64 mn
A 55 0/t 6/10
A 63 1
c a3 mn
8 a6 on
A 70 on
A 76 mn
A 77 oN
0.026- A 33 3/
0.050 B 33 /3
A 36 3/3 At least
A 39 3/3 30/30 80%
A 45 3/3
8 57 373
A 65 33
B 70 3/3
A 75 3/3
A 81 3/3
0.050 A 29 1
0.10 A 34 11
A 38 mn
B 39 YAl
A 47 mn 10/10 -
A 49 mhn
B 56 mhn
8 67 1N
A 59 11
A 73 1N
0.10- A 3 M
0.25 A 9 mn
B 9 mn
A 1 mn
A 15 mn 10/10 -
A 26 11
A 56 1/1
A 64 mn
A 66 mn
A 72 mn
0.26- A 8 171
0.50 A 12 11
A 21 1N
A 22 mn 10/10 -
A 23 mn
A 28 1
c 20 11
A 30 11
B 30 11
A K] 111
A 98 percent contidence lavel ar74.01172
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cracks from one inspection to another. During each inspection, the
crack locations were marked with a china marker pencil and returned to
i an engineer for evaluaiion. After the data was recorded by the engineer,
i the specimens were vapor degreased for 16 hours to remove residual
: penetrant. A total of 6 production penetrant inspectors were used in
the study. The results of the inspections of euach specimen is shown in
mgble 58. The test results indicate that, 95 percent of the time (95 percent
confidence level), the probability of detecting cracks .050 to .10 inch long
; is at least 88 percent. Obviously by choosing an NDT plan, the overall crack
1 detection capability for a particular part can be increased. For example, the
3 A penetrant might be followed by surface wave and contact angle beam ultrasonic
A inspections. It also should be noted that these results are statistically
relevant to the actual test including the penetrant materials, processing
equipment, and inspectors sctually used in these tests.

, ‘The number of false crack indications detected by Inspectors D,

E, and F are shown in Table 59 as a function of the number of pileces

! examined, including uncracked dummies. For the purposes of these tests, &
false indication was considered an indication in a location where a crack
was not intentionally grown. No efforts were take:. to determine the source
of false indications (surface pits, scratches, etc.). As can be seen,
quite a large number of false indication was recorded. There appears to

be a differvence between inspectors in this respect because Inspector D
recorded approximately 1 false indication for every 2 pieces examined, _
: Inspector E recorded approximatcly 1 false indication for every one i
3 piece examined, and Inspeztor F recorded approximately 1 false indication
k for every 3 pieces examined,

It wus not possible t5 measure the number of false indications
recorded by Inspectors A, B, and C since these 3 inspectors recorded all
penetrant Iindications, be they rounded or linear indications.

A compurison of the detection capability of each inspector is
shown in Table (0, For the larger crack sizes, there is little difference
among the varivus inspectors. However, for the smaller cracks there
appesrs to be u significant difference. For the cracks with lengths p
to .050 inch, Inspector E Jdetected only 2 of 34 cracks whereas Inspector
D detected 47 of 81 und Inspector F detected 22 of 28,

Several of the cracks went undetected more often than others.
The data for actual crack size (see Section l-k) was examined to determine
if the size of those cracks varied from the more "detectable" cracks within
a crack size range but no correlation was found. For example, crack
No. 65B was detected 7 of 12 times wliereas crack No. 38A was detected 12
of 12 times. The actual size of each, however, was nearly the sume
(.080 x .020 inch versus .0T0 x .025 inch .

(3) Overhaul Inspection ]

The test specimens described in Table 56 were penetrant inspected
at a facility representative of a penetrant inspection at an overhaul
facility. This facility is a converted overhaul inspection facility where
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TABLE 68

RESULTS OF PRODUCTION PENETRANT INSPECTION

c'l?:l.:::ﬂh Crack Specimen Production Panstrant Inspactor Total Pf“::*"“v l
tin.) Location No. A B c ) € F oo‘.eano.é
Lass (o 35 0.1 - - 4/7 0it 2/3
Than A 63 1 - - 2/3 on -
0.025 A 64 11 - - 8/7 0/2 -
A 65 on - - 2/7 0/2 - At least
A 83 on - - 5/7 0/2 - 37/96 34%
c 63 mn - - 2/7 0/2 -
8 66 on - - 1/3 on 1/3
A 70 on - - 2/3 0/2 2/3
A 76 on - - 4/7 0/2 -
A 77 0/1 - - 1/7 0/2 -
€.025 A a3 on - - 3/3 1/2 3/3
6.0580 B 33 on - - 1/3 0/2 2/3
A 36 mn - - 6/7 0/2 2/3
A 38 in - - - - 1 At least
A 45 mn - - - 0/2 - 45/68 8%
B 57 11 - - - - -
A 66 11 - - 2/3 0/2 3/3
B 70 mn - - 2/3 0/2 3/3
A 75 mn - - mn 1/2 -
A 81 " - - 3/3 0/2 3/3
0.050- A 29 5/ 2/3 mhn 2/3 - -
0.10 A 34 6/6 373 in 3/3 - -
A 38 6/5 33 mn 3/3 - -
B 38 4/5 3/3 mn 3/3 - " At least
A 47 5/5 373 mn 3/3 - - 110/119 88%
A 49 5/5 3/3 mn 3/3 - -
B b6 3/6 1/3 in 2/3 - -
B 67 4/5 3/3 mn 3/3 - -
A 69 4/4 3/3 mn 3/3 -
A 73 5/6 3/3 1 3/3 - -
0.10- A 3 a3 33 11 5/6 - -
0.26 A 9 313 3/3 1 3/3 - -
B 0 3 33 1 a3 - -
A 1 3/3 3/3 " 3/3 - -
A 156 3/2 3/3 1" 3/3 - - At least
A 26 3/3 3n mn 3/3 - - 101/108 94%
A 66 2/2 3/3 1M 3/3 - -
A 64 37 3/3 " 3/3 - -
A 66 3/3 3/3 1171 6/6 - -
A 72 3/3 2/3 mn 2/3 - -
0.26. A 8 n - - 6/6 2/2 -
0.50 A 12 1N - - 6/6 212 -
A 21 in - - 117 2/2 -
A 22 1N - - 117 2/2 -
A 23 in - - 117 2/2 - At least
A 28 1/ - - 117 2/2 87/89 93%
C 29 1N - - - - -
A 30 mn - - 717 2/2 -
B 30 11N - -- 6/7 2/2 -
A n mn - - 17 2/2 -
A 98 percent contidenca level urraonire
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TABLE 69
NUMBER OF FALSE INDICATIONS — PRODUCTION
PENETRANT INSPECTION
Inspector | Total Number of Pisces Inspected | Total Number of False Indications
D 249 138
56 69
F 22 7
Qrr4-0117.8
TABLE 60
COMPARISON OF PRODUCT N PENETRANT INSPECTORS
Crack Length Total Number of Cracks Detected
Range
{in.) A B Cc (o] E F
Less than 0.026 | 3 of 10 - - 200f 68| 00of 18| 50t 9
0.026 - 0.050 | 80of 10 - - 180f 23| 20f 16 |17 of 10
0.060 - 0.100 |46 of 49| 27 of 30| 10 of 10 | 28 of 30 - -
0.100 - 0.260 |29 of 20| 20 of 30|10 of 10 | 33 of 34 - -
0.260 - 0.600 {100of 10 - - 69 of 61 [18 of 18 -

21k
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production parts are now inspected. For this inspection, Sherwin HM-3
penetrant, a water washable fluorescent penetrant, was used along with
Sherwia D-100 nonaqueous wet developer. This system is equivalent in
sensitivity to a MIL-I-25135, Group VI system. Prior to penetrant
inspectinn, the specimens were cleaned by trichlorethylene vapor de-
greasing for 16 hours. The specimens were immersed ‘rn the penetrant and
allowed to drain in air for 10 minutes after which excess penetrant was
spray washed off with a Magnaflux 3070 nozzle. The water pressure was

40 psi and the water temperature was 90°F, Next, the specimens were dried
in an oven for 10 minutes at 14O0PF, The developer was upplied and after
a 5 minute development time the parts were inspected in u dark inspection
boota. The two inspectors allowed for a dark adaptation time of 5 minutes
and the ultraviolet light intensity at the test part surface was 4,300
microwatts/cm2. The white light intensity in the booth was less than

2 foot candles., During the inspection, the inspector marked all linear
indications; rounded indications were not considered for this study.

The results of the overhaul inspection are presented in Tatle 61.
These test results indicate that, 95 percent of the time, the probability
of detecting cracks .025 to .050 inch long is at least 80 percent. For
cracks .050 to .10 inch long, the probability increases to 94 percent.

The total number of false indications recorded by each inspector
as a function of the number of pleces inspected, which includes uncracked
dummies, is shown in Table 62. As in the case of the production penetrant
inspections, there is a large variation in the number of false indications
from one inspector to another.

From these results, it would seem that an overhaul penetrant
inspection is more effective than a production penetrant inspection. Such
generalizations can be misleading, however. For example, two different
penetrant systems were used. Even though the two penetrant systems are
both equivalent in sensitivity to a MIL-T=-25135, Group VI penetrant
there probably is a difference in sensitivity between the two since the
MIL-I-25135 sensitivity test 1is qualitative in nature. Also, the work
load in the inspection area at the time of testing can influence the
results as this will affect the amount of time an inspector can speud
examining a particular piece,

¢. Ultrasonic Surface Wave Ultrasonic Inspection
(1) Production Inspection

The test specimens described in Table 56 were all ultrasonically
inspected using contact surfuce wave techniques. The inspections were
performed in a production ultrasonic inspection facility using production
inspectors. A 1/b x 1/b4 inch, 2 1/4 Mz lead metanioluie scurch un:t
(8/N CF276L) was used along with a Sperry UM721 (S/N 59697) and u 1C0S dB
pulser/receiver (S/N 3719-0). The couplant was 20W oil.

Several couplants were evaluated prior to selecting 20 W oil.
Penetrant emulsifier, 20W oil, 9OW oil, and 40-20W oil were all
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TABLE 61
RESULTS OF OVERHAUL PENETRANT INSPECTION

PE T HPURNERTEURIR QI JUNE POV 70N VINTRPRE SRV TOR BUGET S BV SR PN S

K Lengt Probabili
Cuen .:':. h Crack Specimen Overhaul Penstrant {nspector Toul o W'
lin) Location Ne. A [ c D Detection
Less Cc 36 1/2 -
Than A 53 in -
0.026 A 54 1”1 -
A 56 on - 8/16 -
A 83 on -
c 83 1N -
B 66 2/3 -
, A 70 2/3 -
g A 76 on -
: A 77 on -
: 0.025- A 33 3/3 -
1 0.060 B 33 1/3 -
1 A 35 2/3 -
) A 39 3/3 2/2 At least
A 46 373 - 31/34 80%
; B8 57 3/3 2/2
¥ A 85 3/3 -
: B 70 3/3 -
A 75 3/3 -
A 81 3/3 -
n.060 A 29 3/3 2/2
; 0.10 A 34 3/3 2/2
; A 38 3/3 2/2
[ B 39 3/3 2/2 At least
A 47 3/3 2/2 50/60 24%
A 49 3/3 2/2
2 B 56 3/3 2/2
4 B 87 3/3 2/2
A 59 3/3 2/2
3 A 73 3/3 2/2
. 0.10: A 3 1 -
: 0.25% A 9 171 -
y B 4 17 -
A 1" 11 -
; A 15 11 - 14/14 -
i A 25 11 -
; A 56 3/3 2/2
} A 84 n -
} A 66 1" -
: i A 0 11 -
1 . P.____.. . e e —
] : 0.25- A 8 11 -
A .50 A 12 1”1 -
A 21 1”1 -
A 2 11 -
A 23 11 - 14/14 -
A 28 1 -
c 29 3/3 219
1 A 30 11 -
3 8 10 m"n
] A 31 i
‘_/_,'k Y% perant configunce lavel arr4-011r-10
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TABLE 62
NUMBER OF FALSE INDICATIONS - OVERHAUL PENETRANT INSPECTION

l»
B/

. |
3 . !
E Number Number
! inspector of Piecss of False

: Examined Indications
L J
f. A 122 44
B 30 2 '
K A

GP14 0177 283

i 2 g

investigated., A 0,125 inch thick reference standoard containing an EDM é
notch which is .010 inch wide, .029 inch deep and .057 inch long !
(equivalent in reflecting avea to a 3/6L4 inch diameter flat bottom hole) !
3 was used in conjunction with the search unit, The couplant was applied

to the surface and the signal from the EDM notch at a 4 inch metal _
travel was adgjusted to 80 percent of saturation. The search unit was 3
held steady and the variation in signal amplitude was observed. It wae 3

found that the 90 weight oil und the 20W oil provided u constant signal
i amplitude whereas the signual dropped 0.6 inch in 4 19 second period
with the 40-20W oil and 0.8 inch with the emulsifier.

.029 deep x .010 wide) in a .225 inch thick piece of Ti-GAl-UV machined
to 63 rms or better. The scanning gain was established by peaking the
gignal from the slot at the metal travel distance which ylelded the
maximum response and adjusting the signul to 80% of saturation. At that :
gain, a distance-amplitude correction (DAC) curve was constructed at i
metal travels of 1-1/2, 2, 2-1/2, 3, 3-1/2, and 4 inches by marking the ;
amplitudes on the CRT and drawing a smooth curve through the points. ;
i Finally, the gain was increased by subtracting 19 dB of attenuation. This, ;
: then, is upproximately equivalent to setting the response from an lilox 4
slot .019 inch long x .0095 inch deep x .01l0 inch wide (equivalent in :
area to a 1/6L4 inch diameter flat bottom hole) to 80% of saturation on q
the CRT.

The scanning gain was established with an Ilox slot (.057 long = %

At that gain level, each 2 x © inch test specimen was hand

scanned as shown in Figure 91. The gearch unit wus swiveled from right :
to left, through an included angle »{ approximately 00 degrees during 5
each scan., All indications with amplitudes equal to or greater than the 4
f DAC curve were narked on the surface of Lhe specimen using a china murker
pencil. No attempt was made to evalualte the size of the cracks. Although
many of the cracks were detected, their amplitude did not exceed the

DAC curve and were, therefore, not recorded as being detected,

Consgiderable difficulty was encountered in estublishing w

] reproducible distance-amplitude curve during the surfuce wave testing.
The amplitude of the response was very sensitive to variations in hund
pressure on the search unit. In order to demonstrate this effect, 4 DAC

j
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curves vere constructed (see Figure 92). Two of the curves are for the

same technician (designated B).

As can be seen, the variation hetween

technicians (designated A, B, and C) can become significant at the
larger metal travels. In addition, there is a significant variation
between the two curves for the same technician (designated B).

Obviously, with such variations it would be difficult to accurately

determine the size of a discontinuity in a test part. This was of no
consequence for the surface wave testing performed on the cracked
specimens since the objective was only to detect the cracks and not to

evaluate their size.

The results of the production surface wave testing are shown in

Table 63. A notation such as 3,3 indicates that 3 cracke were detected

3
‘\‘\
2 r.
N
N
QL c
~
~
1 X‘L j>
B
N
8
A
o
0 1 2 3 4

Metal Travel - in,

QP74-0117 14

FIGURE 92
DISTANCE AMPLITUDE CORRECTION (DAC) CURVES FOR THREE
REPRESENTATIVE TECHNICIANS
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TABLE 63
RESULTS OF FRODUCTION SURFACE WAVE ULTRASONIC INSPECTIONS
Craek L . Probabil
m“:‘l‘. Lc,.: ’”:... Production Surtace Wave Ultrasonics Inspector Toul o W1 I
{im.) seation 9. A 8 c D € Detection
Less c 35 0/ 01 - 0N 0/7 30166 | Atleast
Than A 53 - - - 0/ 023 1%
0.026 A B4 - - - 0/1 02
A ] - - - 0N 16 (2
A 83 - - - 01 0/6
c 63 - - -~ 01 0/6
B 66 11 Q@) | on - on Q)
A 70 1 - - 0/1 0/7
A 76 ~ - - 1@ | o6
A 77 ~ - - 01 0/5
0.026- A 33 - - - 11 1/2
0.080 B 33 - - - o 0/2
A 36 "N 0/1 - 0/1 0/6
A 39 N 2/2 11 - 2/2
A 46 - - - - 0/6
B 67 33 | 3 - - 0/6 At least
A 86 01 01 - 0/1 0/7 16 of 62 18%
B 70 11 0/1 - 01 0/6
A 76 - - - - 0/6
A 81 - - - 0N 0/2 (@)
0.50- A 29 33(4) | 23 - - 1/2
0.10 A 34 22Q7) | 33 - - 113
A : 33Q0 | 213 on - -
B 39 on 2/2 11 0/2
A 47 0/2 0/3 0/1 - - At least
A 49 3/3(4) | 03 - - 0/2 40 ot 77 a7%
B 56 33(6) | 0/3 - - 0/1
B 67 13(0) | 03 . - 2/6
A 69 33 2/3 - - 4/
A 73 22(3) | 03 0/1 - -
0.10- A 3 172(8) | 1/3 - - 0/2
0.25 A 9 22 (8) | 212 - - 11
B 9 1/2 2/2 - - 11
A 1 33 (9) | 212 11
A 16 2/2(3) | 272 1 - At least
A 26 ~2(B) | 272 01 - 0/4 65 of 68 74%
A 66 3/3(4) | 3/3 - | - "1
A 84 33 (2 | 272 n@ | - a4 (1)
A 86 " 2/2 mn@ | - 4/5
A 72 " 2/2 ”n - 0/1
0.26- A 8 - -~ - -
0.50 A 12 - - .. 4/4 ()
A 21 - - 0/1 3/6 (1)
A 22 11 11Q 11Q) | 6/6(2)
A 23 - - 01 6/6 (3) At loast
A 28 1@ | 1n - 1 6/6 B4 of 59 84%
o 20 3/3 3/3 - - 3/3
A 30 1 11 - 1/1 W
B 30 1 1 - 11 1M
A 31 " mnQ@ | - 0@ | 6@

Note: Number of talse indications sre notad in citcles

A 98 petcent confidanca level
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; out of 3 crack present,
' penetrant results would seem to indicate that the penetrant method is

more reliable for detecting surface cracks (see Table 64),

iR

N T

o~ R PR, 5

is not very effective.

TABLE 64

COMPARISON OF PENETRANT AND SURFACE WAVE TEST RESULTS

Géoad i

A comparison of these results with the production

& From these results; it would appear that the surface wave methud
It should be pointed out, however, that as dis-

cussad below, the surface wave has an effective depth of penetration

which allows subsurface cracks to be detected.
NDT plan for machined parts might include a penetrant inspection to detect

surfrce cracks and a surface wove inspection to detect both surface and
subsurface cracks.

Consequently, an effective

A comparison of the capability of the various inspectors is
shown in Table 65.

Number Cracks Detected Probability of Detection
Crack Length
{in.) Penetiant sw:::' Penetrant s;nvr:::o
Less Than 0.026 37 of 95 3 of 66 At least 34% At least 1%
0.026-0.060 45 of 68 16 of 62 At least 58% At least 18%
0.060-0.10 110 of 119 40 of 77 At least 88% At least 47%
0.10-0.26 101 of 103 66 of 58 At lcust 94% At least 74%
0.26-C.50 87 of 89 B4 of 69 At least 93% At least 84% |
914041722 l—l
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; the crack.,

£ AR

A 88 percent confidence level,
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For the surface

As in the case of the production penetrant tests, there uppears
to be a significant variation in inspector capability.
wave tents, however, this variation extends to the larger crack sizes.

: For example, for cracks .10 to .25 inch long, Operator A detected 19 of
] : 21 cracks wnereas Operator E detected only 12 of 20.

: Operator E were not considered, the overall detection capability for
cracks .10 to .25 inch long would increase to 43 of 48 from 55 of 68.

If the results from

! A number of the larger cracks were detected from both sides of
4 : the specimens during the surface wave inspection as shown in Table 66 .

5 A An estimate of the depth of penetration of the surface wave can be

i determined by considering the actual depth of the cracks.
: Lhese cracks were intentionally fractured 10 measure the sctual depth of
An estimate of the depth of penetration of the surface wave

in the 3/8 inch thick specimens appears below.

Several of
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Specimen Crack Crack Estimated Depth of Penetration
No. Length  Depth of Surface Wave (Inches)
(Inches) (Inches)

38 070 .025 .350

56(B) .080 .020 «355

59 .090 .030 .3hs

11 070 070 . 305

15 230 070 .305

25 A5 .020 «355

56(A) Jd25 .035 .30

30(A) .48 .18 .195

TABLE 66
SUMMARY OF CRACK DETECTION CAPABILITY
OF SURFACE WAVE ULTRASONICS BY OPERATOR

Crack Length Operator
{in.) A B c D E
Less than 0.026 2/3 0/2 - 0/10 1/61
0.026 — 0.060 6/7 4/8 in 1/8 3/40
0.060 - 0.100 20/26 | 11/29 1/4 - 8/19
0.100 - 0.260 19/21 | 20/22 4/6 - 12/20
0.260 - 0.600 8/8 8/8 - 4/7 34/38
AP740117.18
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TABLE 68
CRACKS DETEC1tD FROM BO'H SIDES OF SPECIMEN BY SURFACE

WAVE ULTRASONICS (SUMMATION OF 5 OPERATORS)

Crack Length | Specimen | Nomber of Times Crack
{in.) No. Detected from Both Sides
29 1of3
38 1of13
0.050 - 0.10 49 10f3
56 10f3
59 10f3
9(A) 10f2
9(B) 10f2
1 20f3
0.100 - 0.25
16 10f2
25 10f2
56 10f3
12 1of1
22 20f 2
23 30f6
29 4o0f 7
0.250 — 0.50
29 8of 10
30(A) 40fb
30(B) 20f2
3 20f7

Qr74-0117.1y
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From these results, it can be concluded that the ultrasonic surface

wave from a 1/4 x 1/4 inch, 2 1/4 MHz lead metaniobate search unit
penetrates to a depth of at least .355 inch in Ti-éA1-LV, This information
may prove useful in deciding if it is necessary to inspect a part firom

2 sides or one sigde.

A tabulation of the false indications recorded by each inspector
during the surface wave inspections as a function of the number of pieces
examined, including uncracked dummies, is shown in Table 67,

TABLE 67
SUMMARY OF FALSE INDICATIONS — ULTRASONIC SURFACE WAVE
Inspector | Number of Specimens Examined Number of False Indications
A 62 116
B 70 22
C 16 4
D 27 13
E 190 41

aP4.0117.20

Again, a false indication was defined as an indication in a location where
a crack was not intentionally grown. As in the case of the penetrant
inspections, the number of false indications per pieces inspected varied
considerably from one inspector to another. The overall ratio of false
indications per piece inspected was 0.54 for surface wave and 0.65 for
penetrant. It should be mentioned that several of the false indications
that were recorded during the surface wave inspections were surface
anomalies such as scratches or nicks.

(2) Laboratory Inspection

For comparison purposes, a laboratory tust program was conducted
on the specimens. The search nnit, equipment, and procedure used were
the same as for the production surface wave inspection. However, for
the laboratory tests, the amplitude of all responses was noted, even if
they were less than the corresponding distance-amplitude response. The
results are thown in Table 68. As might be expected, the laborctory
results are somewhat better than the production results, even though
neither the production nor the laboratory inspectors knew the locations
of the cracks and the inspection time was approximately the same for both.
Several of the cracks detected in the laboratory, however, exhibited
responses of approximately 50 percent of the DAC curve. These responses
would not have been recorded in the productioa inspection since only
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TABLE 68
RESULTS OF LABORATORY SURFACE WAVE INSPECTION

Crack Length | Specimen | Number of Cracks Total
(in.) Number Detected
0.026 - 0.060 67 2/2 2/2
29 on
34 1/2
38 2/2 A
a7 A | wm
0.050 -- 0.10 49 2/2
56 0/2
57 1/2
69 2/2 A
73 112 A\
3 11
] mn
9 mn
1 mn
0.10 - 0.26 15 111 11/1
25 n
56 2/2
64 mn
66 m"n
72 LIA
0.26 —- 0.50 28 2/2 2/2

One of the cracks detected had a response amplitude of 50 percent

of the DAC curve amplitude.

arr74-0112. 21




responses equal to or greater than the DAC curve were to be considered
rejectable. For cracks .050 to .10 inch long, the proportion cf cracks
detected is approximately the same for the laboratory and production
inspections, if the 50 percent amplitude cracks were considered to be
undetected in the laboratory inspection. For the larger crack sizes
(.10 to .25 inch long), the laboratory results are clearly superior

to the production results.

[ It should be pointed out that while calibrating at a level
j equivalent to a 1/64 inch diameter flat bottom hole the gain level on the
4 Sperry UM T21 was within 10 dB of the meximum gein. Hence, it d.es
not appear possible to increase the detection capability simply by
increasing the scanning gain. Also, increasing the scanning gain would ;
increase the noise level which was approximately 15 percent of saturation ?
during the inspections. i

d. Ultrasonic Contact Angle Beam Testing 7

(1) Production Inspection

o LSl TR S CE b i e e R S

: Several of the test specimens were inspected using the contact
2 angle beam method. A 1/4 x 1/4 inch, S5MHz, 60 degree (in steel) shear

) wave search unit was used in conjJunction with a Sperry UM-T21 ultrasonic
instrument and a 108 dB pulser/receiver. The couplant was 20W oil, The
reference standard (No. 95) was & machined plece of Ti-6Al-4V, .312 inch
thick, with end-drilled flat bottom holes as artificial reflectors (see
Figure L49),

The difference in sound transmission charucteristics between

the reference standard and the test specimens was measured using 2 search
units as shown in Figure 93. The transmitter was the search unit to be
used for the actual inspections and the receiver was a L/4 x 1/4 inch,
5MHz, 60 degree lead metaniobate search unit (S/N BH 0731). With the
instrument in the through-transmission mode, the search units were 1
3 aligned to maximize the signal through the reference standard. The .
1 i signal amplitude was adjusted to 80 percent of saturation and the dB setting ;

5 was recorded. Next, the search units were moved to the test specimens, f
and, using the same distance between search units, the operation was repeated.
It was found that the average difference between tie raference standard
and the test specimens was 2 dB.

A distance-amplitude correction (DAC) curve was constructed with
the 3/64 inch diameter end drilled flat bottom hole in the reference
standard. With the search unit at position 1 (see Figure 9L4), the hole
response was adlusted to 80 percent of saturation and marked on the cathode ;
ray tube screen. Next, the search unit was moved to Positions 2 and 3 ]
without changing the gain control and the signal amplitude was marked on 1
the cathode ray tube screen. A smooth curve was drawn through the points
on the CRT.
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TEST SETUP USED TO MEASURE SOUND TRANSMISSION DIFFERENCE
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TABLE 69
RESULTS OF PRODUCTION CONTACT ANGLE BEAM INSPECTION
Crach Contact Angle Beam Probatf:lllty
0
l;::‘:::‘ Spo':::wn Ultiasonic Inspector ] Total Detection
{in.} A 8 &
0.026-0.060 57 9/9 1/4 10/13 -
0.060-0.100 67 8/8 2/4
29 6/7 3/4 36/48 At least
34 1 2/6 69%
49 6/3 2/6
1.10-0.25 72 4/6 4/6 3d/40 At least
9 5/5 3/6 80%
9 5/5 65/6
684 6/6 5/6
0.25-0.60 20 17 { 4/4 1/11 -
A 98 percent confidence level P14 0117 281
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; FIGURE 94
PROCEDURE FOR DISTANCE AMPLITUDE CORRECTION CURVE

‘ At this point 2 4B was removed to adjust for differences in sound
transmission betweer the test pleces and the reference standards and
another 6 dB was removed to increase the scanning gain.

Each test plece was hand scanned as shown jn Figure 95. During
each scan the search urit was swiveled within an included angle of 60 g
degrees to easure 100 percent inspection coverage. Within 0.75 inch of ;
surfaces A and B, the pieces were scanned in 2 directions at 180 degrees ¥

tu each other.

t'ach discontinuity whose amplitude equalled or exceeded the DAC
curve, after the 6 dB had been added back in, was marked on the specimen
surface. The results are shown in Table 69. In Table 69, an entry such
as 3/% indicates that 3 cracks out of 5 were detected. It appears from
the date that the detection capabllity of Inspector A was greater than
Inspector B even though both people have qualified to the same procedure
(SNT-TC-1A, Supplement C, Level II).

. As shown in Table 7O, on several occasions a crack was detected

i from both sides of the specimen. lowever, it is important to note that
often a crack was not detected from both which indicates that actual parts
to be inspected should be inspected from both sides to increase the
detection probability. g

b
l‘ 3
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TABLE 70
CRACKS DETECTED FROM BOTH SIDES OF SPECIMEN BY
CONTACT ANGLE BEAM ULTRASONICS

oo A L T Ve W DT T - e DTV TR TR ARG T T Y 5 x T AR AT

|
1 Summation of 2 inspectors
i
! Crack Number of
Length Spo':lmon Times Detected
(in.) 0. from Both Sides
0.0256-0.060 67 (A) 60f 13
57 (8) 6of 12
28 (A) 6of 11
0.060-0.10
34 (A) 8of13
49 (A) 6of12
72 (A) Bof 11
{ 9 (A) 8of 11
0.10-0.26
9 (B) Wof 11
64 (A) 9of 12
0.256-0.60 28 (C) 11 of 11
QrP74.0117.232
T
L
|
{
!
|
3
i
3
]
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e, Overall Production NDT Capabllity

The surface crack detection capability of individuel NDT methods
(penetrant, surface wave ultrasonics, and contact angle beam ultra-
sonics) has been discussed in the previous paragraphs. In a production
NDT operation, an individual production part might be inspected
several times with various NDT methods to ensure the detection of harm-
ful discontinuities. In these casus, the detection capability for the
part is related to the combined detection capabilities of the individual
NDT methods. An example of such an NDT plan would be to penetrant
Inspect the entire surface of a finished part to detect surface cracks,
Next, the detected cracks would be removed by rework operations. Fol-
lowing the penetrant inspection and rework operations, selected areas
on the part which will experience high stress levels and where a flaw
of critical size has a reasonable probability of occurring might be
further inspected using surface wave ultrasonics to detect remaining
surface cracks and cracks lying slightly below the surface. Finally,
these high stress thicker ereas might be inspected with contact angle
beam ultrasonics to again detect surface cracks and cracks lying to a
greater depth below the surface.

If such an NDT plan were used, the overall NDT capability for the
detection of surface cracks could be determined from the capabilities
of the individual wethods (penetrant, surface wave ultrasonics, and
contact angle beam ultrasonics). The capability data discussed pre-
viocusly was analyzed to arrive at an overall capability figure for an
NDT plan which consists of a penetrant inspection followed by a surface
wave and, in some cases, contact angle beam ultrasonic inspection,

For example, the detection probability of a production inspection was
found to be 88 percent at a 95 percent confidence level for cracks with
lengths of C.050 to 0,10 inch. Then, in a given sample, 12 percent of
the existing crucks may go undetected. If, then, the penetrant inspec-
ticn was followed by an ultrasonic surface wave inspection, at least

47 percent of the cracks missed by the penetrant inspection (or 6 per-
cent of the total cracks present originally) would be detected by the
ultrasonic surface wave inspection. Based on these calculations, the
detection probability for the combined inspections would be 88 percent
plus 6 percent or 9, percent at a 95 percent confidence level., The
overall NDT capability for surface cracks is shown below es a function
of crack length.

Probability of Detection &
Crack Penatrant Penetrant Followed
Length Followed by by Surface Wave
{in.) Surface Wave | Followed by Angle Beam

Less Than 0.026 | At Least 36%
0.025-0.050 At Least 66%
0.060-0.10 At Least 04% At Least 98%
0.10-0.26 At Least 88% At Least 99%
0.26-0.50 At Least 99% 2

A 95% Contidence Level,

Data was Not Developaed tor Contact Angle Beam
inspection et This Crack Size,
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This data indicates that at least 98 percent of all surface cracks with
lengths of .050 to .10 inches would be detected with the specified NDT
plan.

All the NDT capability dava discussed to this point has been on the
basls of a 95 percent confidence level. Obviously, the specified detection
probability changes as the confidence level changes.

The NDT capability date presented in this report should be used as
guldelines as t< what can be reasonably expected in production inepec-
tions. The actual capability values are somewhat unique to the specific
inspection parameters used. 'The capebility values might chaenge signifi-
cantly when other inspection personnel, penetrant systems, calibration
techniques, calibration standards, etc. are used.

f. Laboratory Eddy Current Testing

A selected number of the surface cracked specimens were chosen for
several eddy current tests, In all, four separate laboratory eddy current
tests were performed. The first test, designated Test A, was performed
using & Nortec NDT=-3 eddy current instrument with an absolute probe at
500 KHz. The absolute probe was an Ideal Specialty P/N 6100 -~ 1/k4 8P
probe with a .050 inch diemeter ferrite core and 150 turns of No. 40
wire. Liftoff compensation was .003 inch and was accomplished by adjust-
ing the "X" and "R" controls to obtain the same meter indication with
and without a ,003 inch paper shim between the probe and the test surface.
The operating point was chosen using the sensitivity standard shown in

Figure 96. The conductivity of the Ti-6A1-6V-28n is 1.10% IACS
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and the conductivity of the Ti-8A1-1Mo-1V is 0.87% IACS. A previous
program indicated that, for titanium, the operating point along the
lift-off compensation locus should be chosen relatively far away from
the material point in the complex impedance plane to glve the maximum
response (478 microamps per 1% IACS) to the conductivity difference
between the two halves of the sensitivity standard. Crack indications
were read as meter deflections and the chosen scan index of 1/16 inch was
maintained without a fixture.

A second test, Test B, was performed in the same manner except that
crack indications were recorded on a Mosely 680 strip chart recorder and
a fixture was used to maintain the 1/16 inch scan index.

Test C was performed using a Magnaflux ED 520 eddy current instrument
with an absolute probe., This particular instrument uses continuously
variable frequencies (from 55 to 200 KHz) which are fixed by the probve

coil and the liftoff compensation chosen. No liftoff compensation was used.

The absolute probe was the same as before. Again a strip cha.t recorder
was used as an aid for crack detection and a scan index fixturc was used
for the 1/16 inch scan index. The sensitivities of the instruments were
set tc yield a 110 microamp difference between the Ti-6A1-6V-2Sn and
Ti-8A1~1Mo~1V halves of the sensitivity standard in tests A, B, and C,

Testing was performed in cooperation with and through the courtesy
of NDT Instruments, Inc. These results are designated Test D.

An NDT Instruments Vector III was used along with a 3 MHz probe
having & 1/1€ inch diameter ferrite sensor. This probe possessed an
estimated .015 inch deep x .062 inch wide sensing zone in the titanium.
The instrument was adjisted for approximately .002 inch liftoff compensa-
tion., The receiver sensitivity control was adjusted to 25% of the maximum.
Crack indications were meusured as meter deflections. No calibration, such
as previously described, was performned. Prior to actual inspection a pre-
liminary test was performed with the Vector III to compare the responses
at 500 KHz and 3 MHz. A Ti-6Al-LV reference standard with narrow 3 inch
long V-notches having depths of ,005 inch, .010 inch, and .,015 inch was
used. The results indicated that testing at 3 MHz produced about 5 times
the meter deflection obtained at S00 KHz (see below). The data indicates
that the sensitivity is increased at higher frequencies. The crack vector
has a greater separation angle from the lift-off vector at 3 MHz.

Notch Depth Unite of Metexr Deflection
(Inches) 500 KHz 3 Miz
015 Lo 100+
.010 12 T0
.005 T 35

The results of the four tests are shown in Table 71, A summary
appears in Table 72. As can be seen, the detection capability was enhanced
by using a gcan index and a strip chart recorder. The testing performed
at 3 MHz seemed to be more effective than the lower frequency tests, although
the small data base does not allow a definite conclusion. Examples are
gshown below,
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TABLE 71
EDDY CURRENT TEST RESULTS
Actusl
Torget Crack Tost 0
Crack | Specimen Length Tost | Tost | Test
Length No. x Depth A c 8
{in.) {in) No. Cracks |  Mater
Doetected | Deflection
: Less | 63 - onlonfon| - -
ohat | 4 - onlonfon| - -
J 65 - onlonfon| - -
70(A) - on|onfon| - -
E 76 - onfonfon| - -
: 77 - onlonjon| - -
0026-| 39 |0.040x0016| 11 [11]0n]| 1N 25
0060 | 45 |o0010x0.008]| 0/ |11 1n| 11 A s
66 - onfjonfon| - -
70(8) - onfonfon| - -
‘ 76 |0060x0018|0/1|onfon|on A| o
' ; 81 - o/t | on|on|on 0
0.060-| 38 |[0070x0.026| 01 | 1/1] 01| 11 A| 74
0.10 39 |0.060x0.040| 0/ 0| on| 11 >80 ;
47 - o | 1| i n >80 3
49 - onjon|on| - - ;
60 |0000x0030 | 0n | 11| in A| 45 i
73 - onlonfon| - - ‘
0.10- 3 |o119x0.019] 01|01 011] 11 16
, 0.2 1 | o20x070 |1l in] n A >eo ;
5 15 | 020x070 [ 1| 1n]an A >eo
! 84 - inlwnlin| - -
g i 86 [0.105..0030( 11| 11|11 n 38
: 72 - onjin|inf - - 1
1 t 0.25- 8 | 043x0.16 | 1/1| 11| 1| - - !
‘ 0.60 12 - IR R - {
{ ; 21 | 0arx0a7 [infinfin| - - ;
] | 22 - | - - j
1 23 - mlinjping - - ]
: 31 - wmlinlin| - - ]
n % The location of the crack was known in order to setup the test, arraoinge 3
] Actual crack dimensions were determinaed by fracturing the §
specimen and sxamining the fractures surtace, y
!
‘ ;
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TABLE 72
SUMMARY OF CRACK DETECTION CAPABILITY-
LABORATORY EDDY CURRENT
Crack Length Test Tast Test Test
{in.) A 8 c D
r Less Than 0.026 Oof 6 Oof8 Qo 8 -
5.
0.026-0.060 10f 6 10f6 20f6 20t4
; 0.060-0.10 Oof 6 2016 30f6 4of 4
0.10-0.26 40 6 6of 6 5of 6 aof4
; 0.26-0.50 Bof 6 Bof6 6of 6 -
; ‘ arr4-0147 9?7
R !
i ]
3 |
i
, E :
3 ! 1
| B

é ;

i ;
] :
b y
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Crack Length Specimen
(Inches) No. Test A Test B Test C Test D
.025 - ,050 39 1/1 0/1 1/1 1/1
.050 - .10 38 0/1 0/1 1/1 1/1
.050 - .10 39 0/1 0/1 0/1 1/1
Jd0 - .25 3 0/1 0/1 0/1 1/1

Following the eddy current testing, several of the cracks were
intentionally fractured and the site of the crack was measured from the
fracture surface. The actual size of those cracks are shown in Table T1.
An examination of crack depth or crack area did nct reveal any correlation
with meter deflection. The smallest crack detected during the czddy
current inspection had an actual length of .0l0 inch and & depth of .00NY
inch.

g. Radiographic Inspection of Surface Cracks

™yelve specimens, 3/8 inch thick, contanining fatigue cracks were radio-
graphically inspected. These specimens had heen fabrilecated in the manner
previously described in Paragraph l-a of the DI Jupability section of
this report. The inspection was performed in a production radiographic
inspection facility using production radiopgraphic inspection personnel who
had been qualified to ONT-TC-lA, Supplemeut A, Level IT., The crucks
examined had lengths which raried from 0.10 to 1.50 inches. The two 1.50
inch lmg cracks had extended through the thickness of the panel. The
radiographic parameters "ised were as followe.

Kilovoltag. TS KVP (with a 3 mm. focnl spol)
Faxitron

Focal Spot = To = | 24 Inches
film Distance

4 lm Guveurt DU (ASTM Class 1)

Screens No frontl sercen
0.010 inch thicl lewd back screen

Cassette Cardboay:!

The cxposire was adjusted to cbtain an overall ilm density of 1.7 %o
2.3 1 and D density wnits. A 2 pevcen® thickness titaniam MTi-iD=hiz
penetrameter was used as an image quolily indicator and the T hole wus
vizible on all the radiographs resulting in an equivalent sensitiv' bty of
1.4 percent.

Three independent production radlographic interpreters were used to
interpret the films. Only two of the cracks were detected; these were

“ the 1.50 long cracks and all 3 interpreters detected them. No other

cracks were detected even though there were some which had extended tLhrough
the full section thickness. Subsequently, the films were examined again,
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only this time, the crack locations were known by the inteipreter.
Again, only the two 1.50 inch long cracks were detected. These results
~uphasize the difficulty in detection cracks with radiographic techniques.

h. Bending Fatigue Specimen Fabrication

A second set of surface connected crack specimens were fabricated for
use in airframe, engine, &nd AFML inspections. The specimens were made
using 1 X 2 X 5 inch pieces of Ti-6Al-LV with an EDM slot in each as a

crack initiator (see Figures 97 ). The specimens were fatigued in 3 point
bending using the parameters shown in Table 73. The crack lengths were

TABLE 73
PARAMETERS FOR SURFACE CONNECTED CRACKS
MADE BY BENDING FATIGUE

Speci EDM Final Crack
"1&"""" Lungth x Depth | No. Cycles | Length
o. (in.) (in.)
R5 0.020 x 0.008 | 23,000 0.036
B2 0.030 x 0.010 | 30,700 0.055
813 0.080 x 0.026 | 10,000 0.129
B8 0.10 x 0.020 12,790 0.238
B10 £.10 x 0.030 17,600 0.363
B15 0.10 x 0.030 54,990 0.496

/1\_\‘ Specitmens were fatigued in 3 point bending with

a load of 30,000 Ib maximum (G7.5 ksl stress)

n frequency of 5 iiz.
and a frequ vyo ' ap740117 102

optically moritored during the fatiguing process. After the cracks were
grown, the EDM slot was removed by a grinding operation. The grinding
operation was intentionally light in order to avoid metal flow at Llhe
surface.

i. Liquid Penetrant Testing of Bending Fatigue Specimens

The set of 6 cracked specimens and three uncracked "dummy" specimens
were penetrant inspected in an eirframe and jJet engine inspection environ-
ment as well as at the AFML for comparative purposes. Initially, the surface
fatigue specimens were penetrant inspected in the laboratory at the Jjet
engine manufacturer's installation. Three post~emulsifiable Magnaflux
penetrants were used for comparative purposes (ZL-2A, ZL-22A. and ZL-30A).
In addition, both Magnaflux ZP-4 dry powder developer and Tracer-Tech D499C
nonagqueous wet developer were used, All the penetrant systemrs used were
MIL~I-25135, Group VI sensitivity systems. The 9 test specimens (6 cracked
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+ Specimen
5 Locatinn No.

Crack
Length
{in.)

Crack B5
B2

B13
B8
X B10
B16

0.035
0.065
0.129
0.238
0.363
0.49€

3 3/4
2-1/4 { 1-1/2
2:3/4 | 1-1/8

2.1/2 | 3/4
2:1/2 1 1-1/4

FIGURE 97

G 40117102

CONFIGURATION OF BENDING FATIGUE SURFACE

CRACKED SPECIMENS
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and 3 uncracked) were initially trichlorethylene vapor degreased and
etched very lightly for 3 seconds with a 2% hydrofluoric acid solution
prior to application of the penetrant. The penetrant dwell time was 30
minutes in each case., LExcess penetrant was removed using Magnaflux
ZE-4A for 30 seconds followed by a water spray at 40 psi with TOOF water.
Next, the specimens were dried at 150°F in a recirculating hot air oven
and developer was applied. A bleed-out time of 5 minutes was used.
Finally, the specjmens were examined in a darkened booth with 7,400
microwatts per cm® of ultraviolet light at the specimen surface as measured
with a Weston 703-060 light meter. The white light intensity in the
booth was not measured. The laboratory tests were performed by two
Inspectors. The length of each penetrant indication was measured and
recorded.

The results of the laboratory inspection: are shown in Table Th,
There were no false indications recorded.

As can be seen from the Table Tl, each inspector detected all the
cracks when nonaqueous wet developer was used. However, several of the
smaller cracks went undetected when a dry powder developer was used,
even with the higher sensitivity penetrant. It appeared that the dry
powder did not adhere well to the ground surfaces.

Next, the specimens, including the uncracked dummies, were penetrant
inspected at the engine manufacturer's piroduction penetrant inspection
facilities. For comparison purposes, three separate penetrant systems
were used., These were (&) Magnaflux ZL-22/ fluorescent posteemulsifiable
penetrant, ZE-UA emulsifier, and ZP-UA dry powder developer, (b) ZL-22A
penetrant, ZE-UA emulsifier, and Tracer-Tech DL99C nonaqueous wet
developer, and (c¢) Turco P-4OB fluorescent post-emulsifiable, F-k
emulsifier, and DD-2 dry powder developer. All the systems were
MIL-I-25135, Group VI sensitivity systems.

The production inspection parameters were a 30 minute penetrant dwell
time, a 30 second emulsification time, a 5 minute development time, a 140 to
160°F grying temperature, and a viewing light intensity of 7,400 microwatts
per . The viewing light intensity was measured with a Weston 703-60 light
meter. Each plece was trichlorethylene vapor degreased between inspections.
For each penetrant system, independent production penetrant inspectors were
used. The length of each crack indication detected was recorded.
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TABLE 74

RESULTS OF ENGINE LABORATORY PENETRANT TESTING OF
SURFACE CRACKED SPECIMENS
(Results for Inspector B Shown in Parenthesis)

r Measured Indication Length

Actual ZL-2A 2L-22A ZL-30A

Crack {(MIL-1-26135, Group XZ) (MIL-1-26135, Group Y1) {MIL-1-26135, Group YI++)
La:g)th D Noiraqueous Nonaqueous Nonaqueous

: ry Wet Ory Wet Dry Wet
Developer Developer Developer Developer Developer Developer

No Crack | NCF (NCF) NCF (NCF) | NCF (NCF) | NCF (NCF) | NCF (NCF) | NCF (NCF)
No Crack } NCF (NCF) NCF (NCF) | NCF (NCF) | NCF (NCF) | NCF (NCF) | NCF (NCF)
No Crack | NCF (NCF) NCF (NCF) | NCF (NCF) | NCF (NCF) | NCF (NCF) | NCF (NCF)
0.036 NCF (NCF) | 0.040 (0,040)| NCF (NCF) |0.040 (0.040)| 0.040 (0.040) | 0.040 {0.040)
0.1785 NCF (NCF) | 0.010 (0.010})] NCF (NCF) |0.040 (0.040}{ NCF { NCF) 0.045 (0.045)
0.129 NCF (NCF) | 0.120 (0.120)| NCF (NCF) |0.120 (0.120)| NCF (NCF) |0.120 (0.120)
0.238 0.060 (0,090) | 0.060 {0.090) | 0,060 (0.090) | 0.060 (0.060) | 0.060 (0,160) | 0.090 (0.160)
0.363 0.150 (0.090) | 0.160 (0.090) | 0.120 (0.120) | 0.120 (0.120} } 0.090 (0.150) | 0.080 {0.150)
0.496 0.600 (0.500) | 0.600 (0.500) | 0.500 {0.500) | 0.500 (0.500) | 0.600 (0.500) | 0.600 (0.500)

NCF - No Crack Found

GP74-0117 101

2
i
|

TABLE 76
RESULTS OF ENGINE PRODUCTION PENETRANT INSPECTION OF
SURFACE CRACKED SPECIMENS

Measured Indication Length
,;_ ot | I with Bry Nomausoun
. ack (2P-4A) Developer Wet Developer
~ Length {DD-2) (D498C)
{in.) Inspector
A B Cc A B Cc A B
No Crack 0 0 0 0 0 0 0 0
; No Crack 0 0 0 0 0 0 0 0
NoCrack | 0 0 0 0 0 0 0 0
0.035 0 0 0 0 0 0 0.030 | 0.030
0.0865 0 0 0 0 0 0 0.100 { 0.100
0.129 0 0 0 0 0 0 0.100 | 0.100
0.238 0 0.250 | 0.250 0 0 0 0.160 | 0.160
0.383 0 0 0 0 0 0 0.125 | 0.125
0.496 0 0 0.360 0 0 0 0,200 | 0.200
apP4 0147 100
-i ”
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The results are shown in Table 75. No fulse indications were recorded.

As can be seen, the most effective system was the ZL-22A penetrant/DL99C
nonaqueous wet developer system. The dry powder developer did not work

effectively as it did not adhere well to the smoothly ground surface of

the specimens.

Next, the test specimens, including the uncracked dummies, were
penetrant inspected at the airframe manufacturer's production penetrant
facility using Tracer-Tech P-133A fluorescent water washable penetrant,
and DU99C nonaqueous wet developer. The inspection parameters were the
same as for the previous inspection of the surface cracks described in
Section IV, Para. 1-i. The inspector was instructed to mark all linewr
indicutions., The leupgth of the cracks were not measured during these
tests,

kBach piece was inspected 3 times by the same mun. The test results
are shown in Table T6, There were no false indications recorded.

Finally, the specimens, including the uncracked dummies, were penetrant

inspected at the AFML. For these tests, the penetrant system was ZL-22A
penetrant, ZE~3 emulsifier, and Sherwin D-100 nonaqueous wet developer.
The penetrant dwell time was 30 minutes, the emulsification time was 30
seconds, and the drying conditions were 5 minutes at 180°F in a recircu-

lating hot air oven. The specimens containing the ,035 and .055 inch long

cracks were inspected independently 10 times, The remaining specimens
were inspected independently 7 times, Two inspectors participated in the
testing. Prior to each inspection, the specimens were cleaned in a
trichlorethylene degreaser for 1 hour,

The results of the inspections are shown in Table 77. As can be seen,

all the cracks were detected during each inspection. There were no false
indications recorded,

J+ Radioactive Penetrant Testing

The surface cracked test specimens were subjected to a laboratory
inspection by Industrial Nucleonics Corporation, using their proprietary
radiocactive penetrant method. The test specimens were placed in a
vacuum chamber which then was evacuated. Next, a mixture of Krypton 84
and radiocactive Krypton 85 was back-filled into the chamber. Finally,
the Krypton mixture was transferred to a storage container, the vacuum
chamber was restored to room atmosphere, and the test specimens were re-
moved, In order to record the crack indications, film was placed on
the specimen surface and exposed by the residual radiation. A typical
exposure time was 2 houras., After the above technique was used, a second
technique was employed to detect the cracks. This technique was
identical to the first technique except that a .00l inch thick coating
of plastic was placed on the surface of the specimen prior to placing
the film on the part.
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4 TABLE 76
3 RESULTS OF AIRFRAME PRODUCTION PENETRANT INSPECTION OF GENERAL
r ELECTRIC SURFACFE CRACKED SPECIMENS
Specimen Crack Length No. of Cracks Detected
No. (in.)
B6 0.035 20f3
B2 0.055 3of 3
B13 0.129 3of 3
5‘ 7
! B8 0.238 3of3 )
B10 0.363 30f3 |
’ ; B16 0.496 30f3 A
j ,‘f
§ QP74 011/ 90 ,:‘
TABLE 77 i
! RESULTS OF AFML LABORATORY PENETRANT INSPECTION OF k
§ BENDING FATIGUE SURFACE CRACKED SPECIMENS ‘j
’§
) Actual Measured Indication Length {in.) 1
{ Crack Inspector :
: Length 3
: lin) | B c 0 E F 6 H | )
0.035 | 0.046 | 0.046 | 0.046 | 0.048 | 0.046 | 0.046 | 0.046 | 0.046 | 0.046 | 0.046 §
0.0556 | 0.062 | 0.082 | 0.062 | 0.062 | 0.062 | 0.062 | 0.062 | 0.062 | 0.062 | 0.082 1
; 0129 | 0.126 | 0.126 | 0.126 | 0.126 | 0.126 | 0.126 | 0.1256 | ~ - - %
3 i
E. 0.238 | 0.250 | 0.250 | 0.250 | 0.250 | 0.250 | 0.250 | 0.280 | - - - ;4
¢ b
) 0.363 | 0.376 | 0.375 | 0.376 | 0.376 | 0.376 | 0.376 | 0.376 | - - - :
: . 0.488 | 0.500 | 0.500 | 0.500 | 0.500 | 0.500 | 0.500 | 0.600 | — - —~ ;
v: : QaP14.0117 9@
; g
3 !
1
i
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A comparison of the actual crack length with the indication lengih
is shown below.

TABLE 78

RESULTS OF RADIOACTIVE PENETRANT TESTIIG
Actual Indication Length
Length
{in.) Process No. 1 | Process No. 2
0.035 0.023 0.021
0.065 0.043 0.046
0.129 0 0.106
0.238 0.279 0.236
0.363 0.369 0.366
0.496 0.516 0.508

GP14 0528 1

k. bddy Current luspection of Fastener Holes

Eddy current inspection techniques have been used primarlly to detect
surflace connected cracks in components and assemblies where the penetrant
method would be imposslible or impractical to use effectively. Of
particular importance ure the fastener hole surfaces., A test program wus
conductud Lo determine the detection capability for fatigue cracks in
unfllled stener holes,

The test specimens used for the eddy current study were dogbone fatigue
specimens which had undergone fatigue testing under another program.
Schematics of Lhe three specimen types are shown in Figures 98, 99, and 100
Trior Lo any eddy vwerent Lesting, the fatigue specimens were tested at
room temperature to faillure, The specimens containing 0.250 and 0.375
inch diameter holes were tested in axial loading on u 10,000 pound Sonntag,
BIP=10 fatipue moawchine having o 5:1 load intensifying [ixture mounted on
w tuble tor.  Uier Vonntug moachine provided a cyeclic rate of 30 cycles
per secowd,  Uh npecilmens containing 0.750 inch diameter holes were
bested on w Werben hydroaulic fatigue machine which provided a cyclic rate
el Y eyaeles per second. The stress ratio for all the tests wus +0.1.

Bach speceimen was tested until fracture occurred through one of the two
holes.

A total of 230 fractured gpecimens were initiully eddy current tested
Lo select holes containing sccondary cracks (see Figure 101). The intact
hole in ecach specimen was scunned with a Nortec NDT-3 eddy current
instrument capable of severul discrete frequencies between 10 KHz and 2 Miz,
The instrument features an adjustable operating point within the complex
impedance planc tor euch of the T avallable frequencies. Ideal Specially
Co. absolute type hole probes of the appropriate size were used. These
probes were a single coil and used a ferrite core of .050 inch nominal
diameter from .130 to .160 inch long wound with 150 turng of #LO wire.
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1.250 Dia Loading /— Identify Here
Hole, Typ - 2 Places ’
XXX
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- |
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0.50J =—200— 459 F
' i y 1700 i
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! 160 |
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FIGURE 98
SPECIMENS FOR 0.250 INCH DIAMETER HOLES GPI4 0117 225
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FIGURE 99

SPECIMEN FOR 0.375 INCH DIAMETER HOLES
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Lift-off compensation was 0.003 inch and the test frequency was a
r.-minal 500 KHz (464 KHz actual). The actual frequency was determined by
monitoring the oscilloscope wave form of the signal supplied to the
eddy current probe during actual operation. Lift-off compensation was
accomplished by adjusting the "X" and "R" controls to obtain the same
meter indication with and without a .003 inch paper shim between the
probe and hole surface.

The operating point was chosen using the sensitivity standard shown
in Figure 102. The conductivity of the Ti-6A1-6V-28n is 1.10% TACS
and the conductivity of the Ti-8Al-1Mo-1V iz 0.87% IACS. A previous
program indicated that, for titanium, the operating point along the lift-off
compensation locus should be chosen relatively far away from the material
point in the complex impedance plane to give the maximum response
(478 microamps per 1% IACS) to the conductivity difference between the
two halves of the sensitivity standsrd. 'The eddy current instrument had
been modified internally to permit recording of the signals on a Moseley
680 strip chart recorder which has o response or 100 Hu. Previous
experience has shown the strip chart recorder to be a great aid in
detecting cracks because a meter deflection doesn't have to be constantly
monitored. Also, the strip chart recorder responds to a crack much more
quickly than does a meter deflection. The scan index used was as shown
in Pigure 103, 'The scan index was rchosen to provide for overlap of the
inspection areas. The responsc from each crack was meacured in microumps.
Of the 230 holes inspected, & itotel of 39 holes contulned indicatlons,

3/32 in,

¢ /// 7///
/ gcan/u"""_'ﬁ//,// /////
 mmd

T3/32 in,

1/16 in. Typical

[ ARSI ST £

Sean 14 _ .10 , 1///"' 70N
A 7// ,./é’,f ’,’

/gcang__._._/ 7 7y,
can — — — — //' g
4 ////// s
Scan 4} — — 1/, 7 sy
7, //Scunb"——“—'/’/é/ //// //
///////deﬂbr“—".‘. g L/ ////'

FIGURE 103
STAN INDEX USED DURING EDDY CURRENT INSPECTICN

Next, the 39 holes with indicutions were eddy current inspceted using
the NDT=3 and the same inspection paramclers except that a nominal
frequency of 100 KHz (10M Klz actual) wus used. Fur this Lest, negullve
lift-off compensation was used and the operating point wus selecied for
maximum response to the conductivivy difference In the sensi-ivity
gtundard.
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4.0

3/4 in. dia \/‘
5 | 1.760 3/8in. dia \J\ \"j ‘

Drill, Countersink
and Tap for 8-32
Screw (4-Corners)

1.250

| + -
{ L@—' 1m{i/n.cna _)T—@--o. 00

0.760 ==
i 0.2860
1.687 i
3
3 0,50—1 /63 rms
§ I
t N Tieaevasn | |||l
1.00 _ L 1 Ll I | '
T T m LI L e | A
{ - Ti-8Al-1Mo-1V I I | I || (W]
] 1 J ) “
_/ g
63 rms
Notes: ‘
1. Al dimansions are in inches, 4, Materisl is in the anneated
2. Tolerancus are £ 0.0101n. condition,
3. Surface fin'sh 13 126 rims unloss 8. Instsil 8-32 screws in four b
A otharwise noted. corners wher: comolete, §
P74 0117 31!

FIGURE 102
TITANIUM EDDY CURRENT SENSITIVITY STANDARD
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A third test was performed upon the 39 holes using another eddy
current instrument, the Magnaflux ED-520. This particular instrument used
continuously variable rrequen.ies (from 55 to 200 KHz) which are *ixed
by the probe coil and lift-off compensation chosen. Again, appropriately
sized Ideal Speclalty absolute hole probes were used. Lift-off
compensation was negative and the test frequency was 135 KHz. The
operating point was selected to give the maximum response to the differ-
ence in conductivity in the sensitivity standard. A fourth test was
performed using the second eddy current instrument with negative lift-off
compensation and a test frequency of 129 KHz. The operating point was
changed slightly from that used in the third test because preliminary
; ; testing had suggested a superior signal-to-noise ratio might be realized.

AR

-

T

b ; Finally, a fifth test was performed using the first eddy current
instrument and Nortec differential hole probes. The nominal test
frequency was 500 KHz (464 KHz measured). The instrument operating point
was chosen to give the maximum signal-to-noise ratio by locatiing the null
balance point in the impedance plane and measuring th> signal-to-noise
ratio for several operating points near the null balance point.

After all the eddy current tests were complete, 14 of the cracks
were intentionally fractured and the actual size of the crack was
measured. A photograph of two of the fracture surfaces is shown in
Figure 104, The results of the eddy current tests are shown in Tables 79
and 80 . It shovld be mentioned that, during the testing, each instrument
sensitlivity was adjusted to yleld 22 percent of full scale for the
conductivity difference in the reference standerd. The ED-520 has a i
500 microamp full scale and the NDT-3 has & 100 microamp full scale., Con- A
sequently, in order to normalize the data, the NDT-3 responses were 1
multiplied by a factor of 5. The normalized data is shown in Table 79
As can be seen from Table 79, the eddy current response from the smaller
cracks was greatest with the low frequency methods using negative lift-off
compensation.

Based upon these tests with the equipment used, it appears that the
best eddy current method for inspection of unfilled holes in titanium is
to use an absolute hole probe, negative lift-off compensation, and a
low frequency of approximately 100 to 150 KHz. The smallect crack
detected by eddy current duriug these tests had a maximum depth of .024
inch. It is not known if smaller cracks exist in the fastener holes since
the crack growth was not controlled. Consequently, it is not possible
to fetermine the size of a minimum detectable ¢rack from these results. It ;
can be stated, however, that the eddy current method can detect cracks g

with depths of at least .024 inch.

The results of the previous program prompted further testing. .
Additional specimens were selected from the same zollection as were the
Pigures 98 through 100 specimens. Several eddy current inspections,
described below, were conducted on th 1.

T WG R
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The test, designated as "NDT=-3 500 KHz Comp" in Tabie 81, was performed
using a Nortec NDI'=3 eddy current instrument with an absolute probe at :
500 KHz., The absolute probe was an Ideal Speclalty P/N 6410l-L,/l SP probe {

f’ 251




3
. i
gt i
3 i
e i
; i
E |
, !

3
.

et Ao

gg Fatigue Cracks

uPr401i7 221

FIGURE 104
PHOTOGRAPH OF TVYPICAL FRACTURE SURFACES

iy

B AN ATt A OO Ll b LN b L e - Pl b (e B S e R el S A A

o T s

CHE T




TABLE 79
RESULTS OF EDDY CURRENT INSPECTION OF FASTENER HOLES

ot iy -
Specimen Alloy Hole Material | Maximum | Fatigus Probe Resp imicr ! Ditterential | Maximum Crack
No. Dia | Thickness | Stress Cycles Lift Ott Compensated Negatively Compensated Prabe Depth
3 {in.) {in} tksi) 268 KMz 138 KHz | 128 KHz | 104 KHz 484 KMz tin.}
82 | mealav | o025 | o028 55 78,000 20 40 A % ék A
' : 145 (Annealed) | 0.26 0.28 55 138,000 20 50 40 None Found )
. 148 A\ 56 74,000 240 280 260 270 0.63 1
139 55 490,000 200 a6 275 290 0.37 3
. 112 80 21,000 275 310 285 200 P
: 162 60 69,000 220 435 365 425 0.62 ’
4 166 B6 67,000 550 455 590 4 ;
. ) 181 65 56,000 310 460 320 410
: : 148 A\ 56 74,000 510 500 570 495 0133
2 i 35 | Ti-6AI4V 55 100,000 249 185 225 170
x:, ! 343 (STA) 56 206,000 85 185 5 90 0.030
360 55 99,000 225 350 260 300 0.037
3 361 55 110,000 4715 420 450 420 0.104
' ] 347 60 89,000 525 545 810 500
4 ! 386 55 76,000 870 960 1110 960
l 154 55 139,000 950 1040 1070 930 0.179
} 358 56 117,000 1610 1600 1870 1600 % -
i a Ti-6AI-4Y 56 86,000 855 1040 930 890
! (STOA) :
2 4
i 218 T-8AI4V | 0.76 0.43 56 104,800 60 70 25 3
' 197 | (Anneated) 56 3,900 310 280 190 ;
; : 198 | 55 66,000 500 326 260 k|
; r: 182 | Ti-6Al4V | 0375] 028 55 218,000 40 80 A 10 10 A !
: : 193 | (Anngaled) 85 67,000 7% 125 90 85 105 0.030 !
; 197 85 64,000 95 180 166 170 190 i
180 210 380 335 385 310
’ 186 56 12,000 620 660 686 660 B66 5
194 55 18,000 190 830 760 910 810 A K
{ 292 T1-0A1- 0376 | o028 56 36,000 40 50 40 65 2 A Eji
: 6v-25n f ﬁ
! 287 {Annsated) 13 106,000 80 270 210 220 220 0.056
, 204 56 85,000 300 440 430 450 460 0.087 .
. 205 55 38,000 350 690 810 130 580 0.087 :
m 66 38,000 40 30 60 60 A None Found
w0 | Ti-ean 0.26 0.28 86 1,308,000 a0 30 A A A A }
25n (STOA} |
§ 379 86 | 3447,000 20 a5 A A None Found ;
275 | Ti6AL8Y. | 025 n.28 £0 77,000 25 40 A A None Foung k:
25n
258 | tArnasied) B8 26,000 20 80 80 60 0.024 i
218 85 53,000 % 40 k[ 16 i
g 280 55 82,000 98 240 226 235
3 39 TiBALEV | 025 0.26 86 32,000 45 80 7% 68 0,034 j
, 25n (STA} q
i 03 55 23,000 146 178 170 160 A ‘
) Tesiad Hrom both sides GF74.0117.228 ij
: No crack detacieg k
¥ Not tasned ’
A Bpeciman was not intantionally lreciured
1 1
#
b
; 253
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P : TABLE 80
E SUMMARY OF EDDY CURRENT RESPONSE vs MAXIMUM CRACK DEPTH
i
r | Absolute Probe Response (1- amps) .
: s Hole e on Differential M;X‘M:m
4 i pecimen All \ . Probe rac
3 : No oy (?,:.). Compensated Negatively Compensated Depth
' ) {in.)
: 464 KHz 134 KHz | 129 KHz | 104 KHz | 484 KHz
» 148 Ti-6Al-4V 0.26 240 280 260 270 Not Tested| 0.063
g : 139 200 326 276 2980 0.037
) ’ 162 320 435 3656 425 0.062
148 510 500 670 495 0.133
; : 343 85 186 96 80 0.030
360 225 360 260 300 0.037
3 351 476 420 450 420 0.104
‘ 354 950 1040 1070 930 0.179
3 183 Ti-6Al-4V 0.376 75 125 90 85 106 0.030
; 287 Ti-6Al-6V-25n| 0.375 80 270 210 220 220 0.056
g 204 300 440 430 450 460 0.0956
i 206 350 690 610 730 580 0.087
268 |Ti-6Al-8V-2Sn| 0.25 20 50 50 60 Not 0.024
4 391 | a6 80 75 85 Tested | 0.034
Typical Complex Impedance Plane
Air
4
E Locus of Oparating Points 4
1 Giving 0,003 in. Lift-Off :
1 Compensation i
5 X é
; Material Point
: a
: Positive
( Lift-Off \
: Compunsation
; Negative Lift-Off 1
Compensation j
i" A GP14.0117-229
25k 1
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with & .050 inch diameter ferrite core and 150 turns of No. 40 wire.
Lift~off compensation was .003 inch and was accomplished by adjusting the
"X" and "R" controls to obtain the same meter indication with and without
a8 .003 inch vaper shim between the probe and the test surface. The
operating point was chosen using the sensitivity standard shown in

Figure 102. The conductivity of the Ti~6A1-6V-2Sn is 1.10% IACS

and the conductivity of the Ti-8A1-1Mo-1V is 0.87% IACS. A previous
program indicated that, for titanium, the operating point along the
lift-off compensation locus should be chosen relatively far away from the
material pecint in the couplex impedance plane to give the maximum response
to the conductivity difference between the two halves of the sensitivity
standard (478 microamps per 1% IACS). Crack indications were recorded on
a Moseley 680 strip chart recorder and a fixture was used to maintain the
1/16 inch scan index.

The test identified as NDT-6 1.0MHz Comp. was performed identically
to that described above except that the frequency was 1.0 MHz. Although
a 2.0 Mz module was avallable for use in the NUT=3, insufficient gain
was obtained with this module to warrant any further testing. Discussions
wlth Nortec on this subject led to the use of the prototype NDT=-1l instru-
ment,

The Nortec NDT-1l, designsted as "NDT-1l 1.5 MHz Comp" in Table 8l has
rore gain at the higher operating frequencles than the NDT-3 or NDT-6.
A 2MHiz differential probe supplied by Nortec and an experimental absolute
probe supplied by the Ideal Speciulty Co. were used to measure the capabll-
ity of the NDT-1l1 prototype instrument. Koth probes were hund rotated
and indexed 1/16 inch between scans., A fixture weg used to maintain
constant probe depth during each scan. The calibration methods were the
same as wag performed using the NDT-6. Medium size fatigue cracks,
selected from the previous results, were used in the calibration of
the differentlal probe go that the comparisons found in Table 81 could be
made. The Nortec differential probe was found to be no Improvement over
the previously evaluated NDT-3 and NDT-6 with an absolute probe. The
results reported in Table 8l were obtained using the experimental Ideal
Specialty absolute probe operating at 1.5 MHz, It consisted of a radial
axis .050 inch diameter ferrite core wound with %0 turns of ALO wire.
The test designated as "Circograph" in Table 8l was performed with a
Forster Circograph 6.230 using a 4LO0 KHz stainless steel differential
probve rotating at 3,000 RPM, The instrument read-out is a cathode ray
tube (CRT) whose display is synchronized with the rotation of the probe
colls such that a flaw's location is readily determined. The method of
calibration previnusly used with the NDT-3 and an absolute probe was not
applicable to this method since both coils of the probe see the same
bulk material conductivity simultaneously. For this reason, a medium
size crack detected by the previously described methods (Specimen 393),
was used for caulibrating. The instrument was calibrated by adjusting the
phase and the gain controls until the signal-to-nolsve ratio was minimized
(about 10 to 1) for this particular crack. Once initially adjusted,
the gain wes chianged only siightly to mualntain the noise at a level of
less than 20% of the ORT height in the individual holes; the phuase
position was nct altered, The rotating probz was moved slowly in and
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TABLE 81
EDDY CURRENT CRACK RESPONSE

4
E
1]

et

% Full
) Screen Microamp Response
3 Height
{ Specimen Maximum Fatigue 4 3
4 No Material Stress Cycles 5 g g
3 ’ (ksi)
E - :'3‘ e g ) 3 od
w2 | W m¥ | L3
5 | 82|85 | 88|82
276 | Ti-BAI-8V- ] 63,000 - ~ 50 - -
f 280 2Sn, Annealed 56 82,000 | 75 210 | 180 [ 160 | 170
3 Ti-BAI-6V- ;
'_A 3903 250, Annealed 66 23,000 [ 45 130 | 180 | 150 | 210
'g_ 636 65 50,000 | 100* | 9820 | 1100 | 1100 | eno*
; 540 65 63,000 - - 640 | 528 | 500"
3 544 65 23,000 20 40 210 80 110
\ 645 65 39,000 | 80 230 | 220 | 126 | 230
3 647 65 71,000 | 46 - 80 - -
" 661 86 92,000 | 100 | 540 | 720 | 484 | sBOO*
! 562 65 84,000 | 35 - - - -
i 553 66 61,000 80 40 - - -
% gsa | T-BAL4V, 86 7000 | 6 | 180 | - | 110 | -
666 | Annealed 65 61,000 | 30 50 - - -
: 559 65 52,000 80 320 | 360 | 200 | 350
3 660 BE 64,000 | 100 | 680 - 170 ! 300
b‘ 662 66 76,000 | 40 120 - 100 | 180
1 576 65 108,000 | 20 - 100
. 679 65 116,000 | 15 - - - -
1 680 55 63,000 | 75 400 | 638 | 440 | 50O
3 589 65 163,000 | - - - - -
: 646 80 23,000 86 180 - 160 | 190
i 740 55 43,000 | 70 370 | 284 | 200 | 170
; 754 TI-6AI-8V- 66 48,000 | 86 660 | 374 | 280 | 230
;. 768 25n, Annealed 66 72,000 | 38 100 | 143 | 110 | 140
816 66 31,000 - - - -
[ 187 85 32,000 - - - -
%I GrIA0NILE 30
1
4
';,
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out of the holes. Each hole was scanned along its entire depth at least
4% times. A typical crack response is illustrated in Figure 105.
Sinusoidal-type CRT displays were found to bhe indicative of irregular
surface contour in the holes attributable to the flutes of the reamers
; : used. It was noted, however, that affter the holes had been tested by

4 : five dirferent operators that the holes appeared to be burnished and a
: stainless steel coating remained in the holes. No significant wear

on the probe was noticed; however, before any further tests with an
absolute probe, the holes had to be chemically cleaned due to the

3 _ changes in apparent conductivity of the hole surfaces. Testing of the
g holes was approximately 10 times faster with the Circograph as with the
i other systems investigated.

e ek il

: : The test labeled "ED 520-Uncomp" wae performed using a Magnaflux

’ ' ED 520 eddy current instrument with an absoclute probe., This particular
instrument uses continuously variable frequencies (from 55 to 200 KHz)

, which are fixed by the probe coil and the lift-ofi compensation. Lift-off
3 ' compensation was negative and the test frequency was 134 KHz. The

1 operating point was selected to give the maximum response to the

\ difference in conductivity from the two pieces of titanium in the
reference standard. The absolute probe was the sume as before. The
sensitivity of the instrument was set to yield a 110 microamp difference
between the piece of Ti-6A1-6V-25n and Ti-8A1-1Mo-1V in the sensitivity
standard. Again a Moseley 680 strip chart recorder was used as an aid

for crack detection and a scan index fixture was used for the 1/16 inch
scan index. i

More indicatlons wer obtained using the Circograph than with the other
instruments. Since none of the cracks were fractured to confirm their
existance, it is not known how many of the indications wers from dis- A
continuities other than cracks. It also appeared that, rmong the other :
methods, the methods using absolute hole probes were less sensitive to ;
- cracks occrring near the edges of the holes than was the method employing
: the differential probe. In comparison, the Circograph was the most
sensitive method for cracks cccurring near the edges of the holes since
it was easy to maintain probe normality and there was virtually no
; edge effect. Also, the high probe rpm allows inspections at very
i small index values with little loss in test time,

iRl ki e R
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FIGURE 105
CATHODE RAY TUBE PRESENTATION OF CRACK RESPONSE
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i 1. Verification of Surface Crack Size

‘
,
p

:
i
E
d
g

Several of the tension~tension fatigue and bending fatigue surface
connected cracks used in the program were intentionally exposed in
order to measure their actual length and depth. Sawcuts were made ad-
Jacent to the crack and the specimen was intentionally failed by over-
load. The fracture surfaces of the original fatigue cracks were
' examined and the actual length and depth of each were measured. The
' actual crack dimensions are listed in Tatle 82 and photographs of
typical fracture surfaces are shown in Figure 106.

TR v
P N

Several of the specimens were examine® intact at a magnification of
400x in order to measure the width of the cracks. The average crack

' width was .0005 inch.

i 2. POROSITY

: : Several hand forged billets (Ti-6A1-6V-25n) containing porosity have 3

: been collected during past internal programs. The billets sections were 3

bal/2 x 4-1/2 inches, 4-1/2 x 6 inches, and 4-1/2 x 5-3/k x varying lengths. '

. The porosity in each of the billets is positioned as shown in Figure 107.

! A program was conducted using these pleces to measure the diameter of typical 4
pores which are detectable during a penetrant inspection. 3

y : 2. Ultrasonic Method

2 g' The billets had been certified as ultrasonically acceptable at a
Class A level (similar to class A described in MIL-I-8950B - Inspection, &
Ultrasonic, Wrought Metal, Process for). Subsequently these same ;
; billets were submitted to mechanical properties testing and failed at
; 8 level below minimum allowable limits for tensile strength and
ductility. As a result of the fallure, a sectlon of the failed billet
was submitted to a metallographic evaluation. An unacceptable porous ]
condition was tound within the billet, with the heaviest concentration f
of stringer type porosity lying near the outside of the billet. Figure :
107 1ilustrated the distribution of porosity in a typical billet. i
A

With the discovery of the porosity, ultrasonic reinspection of the %
billets was undertaken. The following setup was used: ;

(1) Parts were immersed and a 2 1/2 inch wate., path was used.

(2) A 5,0 MHz flat 3/4" lithium sulphate transducer with a Ni721 %
with a 105 pulser was used for scanning. 4

(3) A "distance-ammplitude correction" curve based on 3/6L4" diameter
flat bottom holes with metal travels of 1.25, 2.25, 3.25, and 4,75
inches was established by plotting it on the face of the cathode

ray tube.

With this test setup, a great deal of nolse uppeared on the cathode ray tube
wherever the biilet was examined. This noise fell below the 3/64 inch "dis-
tance amplitude correction" curve in ull cases except for one or two small
sreas where individual {ndications appeared above it. These were not re-
Jectable indications for Class A. Concurrent with these indications, it was
noted that there was a 50% or more loss of back reflection in the areas of
the billet where the indications were the greatest. This latter ohbservation
is a normal rejectable condition. It was noted that the back reflection is
normelly in saturation when a "DAC" curve is established by using the proper 3

—
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TABLE 82
ACTUAL SIZE OF SURFACE CRACKS
Speci Targot Actual Actual
' pecimen Crack Longth | Crack Length | Crack Depth
: No. \ \
: {in.) (in.) {in.)
E a3 0.074 0.014
3 .9 0.04¢ 0.016
3 0.026 — 0.060
45 0.010 0.006
; 75 0.060 0.015
: ' 38 0.070 0.026
: 82 0.069 0.013
39 |0.060 - 0.100 0.060 0.040
66 0.080 0.020
59 0.090 0.030
3 0.119 0.019
1 0.200 0.070
16 0.200 0.070
0.100 — 0.250
26 0.160 0.020
66 0.126 0.035
86 0.106 0.030
j 8 0.430 0.160
21 |0260-0600| 0410 0.170
1 30 0.480 0.180
t ar74.0117 22
?
5
]
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Specimen 33 6X
0.070 In. Long x 0.014 In. Deep

Specimaen 3 4xX
0119 Wy Long x 0.019 In, Deep
FISGURE 106
PHOTOGRAPHS OF FRACTURE SURFACE QF SURFACE CRACKS
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Specimen 30 4X
0.48 In, Long x 0.18 In. Deep

Specimen 59 - ) 6X
0.090 In. Long x 0.030 in. Deep

arrduri’og

FIGURE 106 (Continued)
PHOTOGRAPHS OF FRACTURE SURFACE OF SURFACE CRACKS

262

e e

e

o et



S S

o

Nati sl AL SN

ARSI

g

* NI e

6X

GP74.0117.¢8

Specimen 39
0.040 in. Lony x 0.015 In. Deep

FIGURE 106 (Continued)
PHOTOGRAPHS OF FRACTURE SURFACE OF SURFACE CRACKS
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FIGURE 107 i
TYPICAL POROSITY IN HAND FORGED BILLETS
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test blocks. With this circumstance, it is impossible to Judge a true 50%
loss of back reflection unless one of the back surface multiples that is not
in saturation is observed. Observation of a multiple back reflection re-
quires compression of the scope picture, which in itself is undesirable, or
taking into account the geometric progression of loss on the multiples of
the first vack reflection is a possibility. Another method for eliminating
the problem of the saturated back reflection is to make a separate back re-
flection test scan of the part. At least part of the industry feels a 50%
loss of back reflection is significant only when related to a 50% reduction
in height of the observed vack reflection on the cathode ray tube for a
setup whicn has been made on the proper ASTM reference blocks. Since, in
this case, the back reflection is normally in saturation, the observed 50%
loss will amount to an actual 80%, 90%, or more, lors of back reflection.
Surface conditions of the billet influence the loss of back reflection to

a great extent and a slight shift of the part will often eliminate what
appeared to a large loss of back reflection. The fact casts doubt on the
ability to correctly evaluate potential porous conditions in parts with non-
parallel surfaces. Significant losses in back veflection, at least for a
porous condition, must always be accompanied by an increasse in the noise
level between the front and back surface.

An additional 10 TifA1-6V-28n billets were ultrasonically inspected using
the same method of calibration ahd equipment as used for the first lot,
except that additional ASTM type reference standards having metal travels
of 1/4, 1/2 and 3/L4 inch were also use to establish the DAC. The sound
entry and back curfaces of the billets had surface finishes from 125 to
350 RHR. Special attention was given to any loss of back reflectlion and
algo significant indications between the front and back surface indications.
One billet of the 10, in particuluir, appeared to have rejectable indications
1/2" to 1" below the front surface. These indications were thought to be
too far from the frout surfuce to be due to surface condition, and visually
the surface seemed satisfactory for an ultrasonic test. Nevertheless, it
was decided that a test should be made to definitely establish that the
indications were not due to surface irperfections. The following test was
made :

(1) The billet with the greatest re, :ctable indications between
front and back surface was selected. The areas in question
on the billet were pinpointed by marking the billet with a
steel stamp.

(2) The surface of the billet was machined (without entirely removing
the steel stamping) to a 32 RUR surface finish.

(3) The billet was retested ultrasonically and the original rejectable
indications between the front and back surface had disappeared.

As a result of this special test, all billets of the lot of 10 billets were
routed to tne machine shop for clean-up of the surface to a finish of 32 to
63 RHR. After surface improvemert, the billets were again teusted ultru-
sonically and fourd to be acceptable if the brrk reflection was monitored
in saturation, but were rejectable 1f a second test for back reflection

me. surement only was performed wi:h the b- -k reflecti-n at a reduced

luvel. In the second test. the back reflection ia the center

of the billets was set at 90 to 9%# of full CRT height; and as the search
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unit removed toward the edge of the billets, the back surface response
dropped to below U45% of fu'l CRT height. No single indications were re-
Jectable, Because porosity had previously escaped devection by ultrasonics,
it was decided to send one billet from the lot of 10 to the chemical milling
department for a ten sacond surface etch., (On the previous lot of billets,
surface etching had been used to expose porosity). This etch did bring out

a porous condition in the billet; and this condition was considered unaccept-
able.

A subsequent study of the amount of etching required resulted in the
tfollowing conclusions., If visual methods were to be employed in evaluation,
an etch removing about 0.010 inches optimum. If a fluorescent dye penetrant
evaluation is to be performed, then a 0.002 inch metal removal is satisfactory
for detecting the porosity.

b. Radiographic Method

Radiographic techniques using ASTM Class I film and low kilovoltape/
high contrast techniques were ulso used to try and detect the porosity in
selected U 1/2 inch thick billets. It wus assumed that since the porosity
was concentrated along the cdges ol the billets, the part's radiographic
image would indicate an area of greuter part density in the center of the
billets. No measurable film density difference was obtained, however, in
the resulting radiographs. Image quality of 2<1T was insufficient lor
detecting individual pores. Note that for a 4 1/2 inch thick section, a
2% contrast only implies a resolu.ion of a 0.090 inch thickness change.
The pores were less than 0.020 inches diameter. The evaluation of a 2
inch billet secrtion containing porosity also did not reveal any radio=-
graphic indication of changes in density or presence of pores.

¢. Penetrant Method

Each section from the three billets was etched to remove .010 inch
from eech surface to ensure removal of any disturbed surface metal re-
sulting from the sawcutting operation. Next, the sections were tri-
chlorethylene vapor degreused for 16 hours and penetrant inspected in
the laboratory using Tracer-Tech P-133 fluorescent water washable pene-
trant and Tracer-Tech DLUY9C nonagueous wet developer. This penetrant
system is equivalent in sensitivity to a MIL-I-25135, Group VI System.

A penetrant dwell time of 10 minutes was used. Excess penetrant was re-
moved using a hand held Tri-Con 400501 water spray nozzle with the spray
directed normal to the surface; the wash water temperature was approxi-
mately TO0°I" and the wash water pressure was approximately 40 psi. The
specimens were washed until clean under 200 microwatts/cme of ultraviolet
light. Next, the specimens were dried for 20 minutes in a circulating
air oven at 170°F., After a bleed-out time of % minutes, the penetrant
indications were photographed (see Figure 111) using the following
paramclers: approximately 1000 microwatts per em? of ultraviolet light,
25 second exposure at f9, Royal Pan Film, Tiffin Yellow No. 2 filter.
Next, several of the porosity indications were examined at 200X under a
jLiizht microscope (Unitron ™D 3370) and the diameters of the pores wvere
measured. The measured diameters are listed in Table 83. The diameter
of those pores which were detectable by penetrant inspection varied from
0.002% to 0.016 inch. As can be seen in View B of Figure 107, several
of the pores had considerable depth. At u magnification of 200X, the
depth was measured to vary from 0.033 to 0.106 inch long.
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FIGURE 108
PENETRANT INDICATIONS OF POROSITY

TABLE 83
POROSITY DIAMETERS

GUP?4 0117 230

Specimen | Porosity Diameter (in.} | Specimen | Porosity Diameter (in.}| Specimen | Porosity Diameter (i-n.T)
0.0025 0.0046 0.0025
¢.003 0.005 0.0043
0.N0% G.005 0.0045
0.006 0.005 0.0045
S/N4 0.006 5/N5 0.006 S/NG 0.0045
0.0065 0.007 0.0045
0.012 0.009 0.008
0.013 0.008
0.016 0.009
0.009
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3. 1

NTERNAL CRACKS

a. Specimen Fabrication

Each specimen was fabricated by initially cutting 2 x 5 inch blanks
from 1 inch thick Ti-GAL-4V plate and grindina the 2 x 5 inch face on
each to & 16 rms finish. Rectangular EDM slvis were then located on
the ground 2 x 5 inch faces with the long dimension of the slot parallel
to the 2 inch dimension. The slots serve as creck initiation sites and
varied from ,005 deep x .01l5 long to .010 deep x .100 loug depending
upon the size of the crack desired. A fatigue crack was genersated f{rom
each EDM slo% by fatiguing in 3 point bending with 67,000 psi stress at
the block surface. The crack growth was monitored optically and was
controlled to the desired length. Next, the EDM slot was removed by
grinding, leaving only the fatigue ciracii. The length of the fatigue
crack was again mesasured at nigh magnification. A cap, 1 x 2 x 5
inches, was mated to the cracked srecimen and the two were diffusion
bonded together (see Figure 109). Prior to diffusion bonding, the
ground face of each block was etched to clean the mating surfaces in
preparation for bending. The two blocks were initially joined by elec-
tron beam welding in a vacuum as shown in Figure 109. The crucked block
and the cap were diffusion bonded together in a vacuum at 1710-174 [
for approximately 1 hour under a load chat was slowly increased from
zero to approximately 2.5 tons. Die blocks were usea to restrict the re-
duction in thickness to .060 inch.

A list of the specimens with the crack lengbhs prior to bonding
is presenied in Table 8).

TABLE 84
CRACK I.LENGTHS BEFORE BONDING IN INTERNALLY
CRACKED SPECIMENS

Specimen Elox Size (in.) Cracl((i'i.t)angth Specimen Elox Size (i 1)) Crack(ite)ngth
A1l 0.030 Deep x 0.100 Long 0.231 12 0.010 Deep x 0.060 Long 0.124
A4 0.010 x 0.030 0.059 14 0.010 x 0.060 0.114
A6 0.008 x 0.020 0.032 28 0.010 % 0.060 0.108
AB 0.025 x 0.080 0.123 16 0.010 x 0.100 0.286
Al 0.030 x 0.100 0.505 17 0.010 x 0.100 0.281
Al4 0.030 x 0,100 0.368 18 0.010 x 0.100 0.269
26 0.005 x 0.015 0.020 29 0.010 x 0.109 0.268
27 1.010 x 0.030 0.048 20 0.010 x 0.100 0.285
7 0.010 x 0.930 0.054 21 0.010 x 0.100 0.536
8 0.010 x 0.03C 0.050 22 0.010 x 0.100 0.561
i0 0.010 x 0.030 0.065 24 0.010 x 0.100 0.632
11 0.010 x 0.060 0.104 2y 0.010 x 0.100 0.598
13 0.010 x 0.060 0.124
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b. Ultrasonic Testing

IR

The specimens containing internal cracks were subjected to the test
program summarized in Table 85. Initially, Specimen Numbers Al, Ak,
A6, A8, All, and Alk were along with 3 uncracked dummy specimens immer-
sion angle beam and immersion straight beam inspected by General Electric
in their laboratory. A 3/4 inch diameter focused lithium sulfate 15 MHz
search unit with a focal length of spproximately T inches in water was
used. A Branson 600 ultrasonic instrument was used to pulse the search
unit at a frequency of 5 MHz. The water path was 6 inches and the scan
index was 1/8 inch. For the angle beam inspection a sound beam angle of

45 degrees in the metal was used. The scanning was manual using & scan
index of .090 inch.

& ; An evaluation was made of the difference in sound transmission
characteristics between the reference standard and a representative test
specimen by monitoring Lack surface reflections. Since the gain setting
at a particular amplitude in the reference standard was within 30 per-
cent of the same amplitude back reflection in the test speciman, no
correction was made during the actual testing.

The first series of tests were performed at a scanning gain estab-
lished with the Ti-6Al-LV reference standard shown in Figure 110. The
search unit was adjusted such that the responses from the side drilled
holes at 3/8 and 1-1/2 inch metal travels were equal. Next, these
responses were adjusted to 80 percent of saturstion and the test speci-
mens were scanned at that gain level. The amplitude of all discontin-
ities at that scanning gain were recorded. The sound beam angles for
the various tests at that scanning gain are shown in Figure 111.

A second series of tests were performed by adding 12 dB of gein to
, the original gain level. For each discontinuity found, the search unit
: was manipulated to maximize the response and the signal amplitude was
recorded. The results of the testing is shown in Table £6. Only Angle
Beam Test No. 1 was successful among the angle beam tests in detecting
cracks. This probably indicates, that, for the other tests, the

cracks were not oriented favorably with respect to the sound beam

such that the sound was not reflected back to the recelving search
unit.

In addition, the straight beam testing was successful in detecting
three of the cracks. The response from several of the cracks was rela-
tively small. For example, the amplitude of the response from the .123
inch long crack was 15 percent of saturation with the straight beam
test. Such small responses may result in acceptability of production
parts, depending upon the acceptance criteria used. One explanation for
the small response from such a relatively large crack is that, during
the fabrication of the specimens, partial healing of the crack may have
occurred during diffusion bonding and the actual crack length may be
less than the expected crack length. There were no false indications
recorded during the inspections. It should be puinted out that the
small amplitudes recorded in Table 86 are approximations since it is
not possibdle to accurately measure such small amplitudes from the CRT
screen.
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TABLE 85
SUMMARY OF ULTRASONIC TESTING OF INTERNALLY
CRACKED SPECIMENS
1 Testing
Group Test Method
3
] Lab - Straight Beam Immersion
¥ Jet Engine Lab - Ar.\gle Beam. Immersion
| Production - Straight Beam Immersion
Production - Angle Beam Immersion
; . .
i Air Forcs Materials | ), Angle Beam Immersion
5 Laboratory
3 . Lab - Straight Beam Immersion
{ Airframe
Lab - Straight Beam Contact
F GRIAQI1/ 50
]

TARLE 28

ENGINE ULTRASCNIC iNSPECTION (LABORATORY) RESULTS FOR
INTERNAL CRACKS
Crack Amplitude of Response {% of Saturation)

Length

Specimen Straight Beam Angle Beam

e o e T TR £ NN

No. g’ Test No. 1 Test No, 1
2\
3 Al 0.231 No Re%)onse No H%onse No R%JOHSG r
r(i A4 0.059 No Response | No Respnse| No Response | No Response
e‘ A6 0.032 No Response | No Respori.e| No Response | No Response
A8 0.123 15% 60% A 21%
Al 0.505 23% 100% 40% 100% _
14 0.368 45% 100% 66% 100% %

Zl_\_\ Suanning gain was established by setting the minimum response

to 80% of full saturation, :S

Scanning gain was sstablished as above axcept 12 dB was added, B

3\ Respansa was too small to be measurad, L

GPIAOVI7 03 R

] Actual crack lsngth may be less than shown dua 10 i
{ partial healing during diffusion banding. R
i 3
3 E
N
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8.02
7.24
6.46
5.68
- 4.90
4,12
3.34-
fr—— 2,66 ———]
1.78—= 0.018-0.022
= ‘0()-1 0.250 C.500 0-750 1.000 1.600 Dia x 0.49_0.51
[0.125 ro.a75 ro.ezs 0.875 r1.250 Depth Nearside
r —'T —T —-D——T_‘ 2l
T _}'—‘-T 4
3.01 IT"'T |
2.99 )
loploal gl pl bl
0.0306?0[‘0_? | I—- i --I
2.95——= 0,050 0
3.73 ' O'Of 0.070 \-0.018-0.022 Dia
- 4.51 - ‘ 0.090 0.49-0.51 Depth Farside
- 6.29 | ‘ 0.110
6.07 -
6.86
7.63
9.05
9.00"
FIGURE 110
REFERENCE STANDARD
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' No. 5 GP74.0117-62

FIGURE 111
SOUND BEAM ANGLE FOR GE LABORATORY INSPECTION
OF INTERNAL CRACKS
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FPollowing the laboratory inspection of the internal cracks, produc-
tion ultrasonic inspections were made on the 6 cracked specimens and

the 3 uncracked specimens using the normal production inspection facili-
ties and personnel. The sound beam directions were the same as for the
laboratory inspections. Each specimen was inspected 3 times by each of
3 inspections. The results of the testing was shown in Tables 87 and 88.
Of the angle beam tests, only Angle Beam No. 1 was successful.

In some cases, thers wus a large variation in response amrlitude as
recorded from one test to another for the same inspector. For example,
for specimen Al4 which has an original crack length of .368 inch. Inspec-
tor A recorded response amplitudes of 12%, 78% and 100% of saturation
in 3 tests. In other cases, however, the 3 response amplitudes were
approximately the same. As with the laboratory inspections, there were
no false indications recorded.

For comparison purposes, the 6 cracked specimens and the 3 uncracked
dummy specimens were ultrasonically inspected at the Air Force Materials
Laboratory. A 1/2 inch diameter, lead zirconate titanate, T MHz search
unit was used. This search unit was focused and had a focal length in
water of approximately 6 to 9 inches. The test frequency was 5 MHz and
a Branson 600 ultrasonic instrument was used. The water path was 2-1/2
inches and the scan index was 0.020 - 0.040 inches. The inspection pro-
cedure and reference standard was the same as used by the engine manu-
facturer. Two independent inspectors were used. A summary of the results
is in Table 89. Of the angle beam tests, only Angle Beam No. 1
w~s successful,




) & ETTTY 4 TR TR TS T
TABLE 87
i RESULTS OF ENGINE PRODUCTION STRAIGHT BEAM IMMERSION TESTS /A\
L Response Amplitude (% of Saturation)
Crack
Specimen Lo(mg;h Inspuctor A Inspector B Inspector C
in.
1 2 3 1 2 3 1 2 3
) A6 0.032 - - - - - - - - -
E\
A4 0.069 - - - - ~ - - - -
A A8 | 0123 | 15 12 8 8 5 8 12 12 | 10
; Al 0.231 - - - | - - - - - -
b ; A6 | 0368 | 12 | sat | 78 | sa. | 18 | 50 | 358 | 30 | a2
N} i
4" ;i
) I ATl 0,506 18 40 60 8 15 23 25 35 35
1 Scanning galn was establishad by setting the minimum
:: response to 80% of saturation, GP74.0117-54
% i
. b
‘ s
ﬁ
Crack Response Amplitude (% of Saturation)
;\ Specimen L?ing;h Inspector A Inspector B Inspector C
3 n.
;’ 1 2 3 1 2 3 1 2 3
AB 0.032
L
: b
: Ad 0.059
. !
F/ : AB 012 | 65 | 65 | 35 | 48 | 43 | 45 | eu | 65 | 60
!:{ 0
Al 0.231 ‘
! A14 | 0368 | 69 | Sat. | Sat. | Sat. ; 80 | Sat. | Sat. | Sat. | 95 f;
A1 | 0805 | 75 | Sat. | sat. | 37 | 70 | sat. | 90 | sat. | Sat. i
. A Scanning gain was estabiished by setting the minimum response to B0% §
of saturation and sub‘racting 12 dB of attenuation, GP74.0117.88 ;
3
3
-
275 ;
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TABLE 88
RESULTS OF ENGINE IMMERSION ANGLE BEAM TESTS /A\
Response Amplitude (% of Saturation)
Crack
Specimen L:"Q;h Inspector A Inspector B Inspector C
in,
1 2 3 1 2 3 1 2 3

A6 0.032
Ad 0.059
A8 0.123 10 10 12 5 9 5 5 12 13
A1 0.231
Ald 0.368 61 46 60 57 62 10 Sat. Sat, Sat.
A1l 0.505 25 30 80 L 33 47 60 72 70 75

1\, Scanning gain was establishad by adjusting the minimum
response to 80% of saturation,

GP74.0117 56

Response Amplitude (% of Saturation)
) Crack
Specimen | Length Inspector A Inspector B Inspector C
{in}
1 2 3 1 2 3 1 2 3
AB 0.032
A4 0.059
A8 0.123 47 556 62 35 50 28 30 65 65
A1l 0.231
Al4 0.363 Sat, Sat Sat. Sat. Sat. 40 Sat. Sat. Sat.
Al 0.505 Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.

AScanning gain was astablished by adjusting the minimum response to
80% of saturation and subtracting 12 dB of attenuation,

276
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TABLE 89
RESULTS OF AFML LABORATORY ULTRASONIC !NSPECTIONS

Responsa Amplitude (% of Saturation)

Crack Angle Beam
Specimen | i.ength
(in.} Inspector 1 Inspector 2
A A A A
AB 0.032 0 0 0 0
A4 0.059 0 0 0] o
A8 0.123 0 50 0 70
Al 0.231 0 0 0 0
A14 0.368 63 Saturation 32 Saturation
AN 0.505 48 Saturation 20 80

05 Scanning gain was established by setting the minimum response to 80% of saturstion,

A Scanning gain was astablished by setting the minimum rasponse to 80% of saturation
and subtracting 12 dB8 of attenuation,

GP /4 0117 58
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All the specimenc listed in Table 84 were straight beam immersion
inspected in the laboratory at the airframe manufacturer. A flat 3/L inch
dismeter, 5 MHz SIZ search unit (S/N 21269) was used in conjunction with a
Branson 600 ultrasonic instrument and a 623Ts pulse/receiver. A 3 inch
water path was used and this water path was maintained to +1/8 inch
between the reference standards and the test parts, th: reference stan-
dards used were typical ASTM-type standards with 3/64 inch diameter flat
bottom holes as reflectors. The reference standard material was Ti-6A1-W .
Ar, adjustment was made for the difference in sound transmission charac-
teristics between the reference standard and the test pie~e by comparing
the dB difference in back reflection through the 5 inches of metal in the
test specimen and through the 5 inch metal travel reference standard. It
was found that the difference was 1 &B per inch of metal travel. Next,
the metal travel of each reference standard was multiplied by 1 4B per
inch in order to arrive at the required correction factors. Next, the
3/64 inch diameter flat bottom hole in the reference standard exhibiting
the maximum response in the set was adjusted to 80% of saturation., The
responses from the other reference standards were mathematically adjusted
using the correction factors and marked on the CRT screen to form a DAC
curve. For scanning purposes, an additional 6 dB of attenuation was sub-
tracted for greater sensitivity.

The scan index used was 0.25 inch. The scan index was :hecked on the
reference standard to determine that at the extreme ends of the scan
index, the response was greater than 50 percent of the maximum response
from the 3/64 inch dismeter flat bottom hole in the rererence standard
at a 3 inch metal travel. Each test part was manually scanned as shown
in Figure 112, For all discontinuities with amplitude greater than 50%
of the DAC, the search unit was manipulated to maximize the response,
the scanning gein was reduced by 6 dB and the amplitude was recorded as
a percentage of the DAC curve helght. In a normal production inspection,
only those discontinuities whose amplitude equalled or exceeded the DAC
curve would be rejected.

The results of the laboratory inspection is shown in Table90 . Photo-
graphs of typical cathode ray tube presentations are shown in Figur~ 113.
As had occurrei in some ol the previous testing, there were cases where
the ultrasonic response versus crack length befere bonding did not follow
the xpected pattern. For example, in Specimen 9 the response was 50%
of tne DAC and in Specimen 12 the response was 20% of the DAC, even though
the crack length prior to bonding was twice that in Specimen 9. This
could occur if paritial healing of the cracks took place during diffusion
bonding. Subsequent destructive analysis of the cracks in Specimen Num-
berc ', AL, and Al failed to reveal any evidence that the cracks survived

& 2. sion bonding coperation. The smallest crack detected during the
teriing nad a crack length prior to bonding of 048 inch (Specimen 27).

Following the straight beam immersion tests, a laboratory straight
beam contact test was performed upon each specimen. A 3/ inch diameter,
5 Mz, SF7% search unit (S/N 11356) was used along with a Branson 600
instrument. ‘The specimens were checked for difference in sound trans-
mission characteristics from the reference standards as before. The dif-
ference was small enough to ignore. The specimens were scanned with the
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TABLE 90

AT O I S T TR YTy

ULTRASONIC INSPECTION RESULTS (AIRFRAME) FOR INTERNAL CRACKS

Crack Length Specimen Ultrasonic Responie (%DAC)
Before Bonding No. Straight B c
{in.) A ght Besm ontact
Immarsion Straight Beam

0.020 26 No Response No Response

0.032 A6 No Response No Response

0.048 27 30% No Response

0.069 8 30% No Response

0.062 9 50% No Response

0.065 10 No Response No Response

0.069 A4 Mo Response No Response

0.104 1" 60% Saturated

0.108 28 30% 100%

0,114 14 40% No Response

0123 Ag Saturated /2\ 80%

0.124 12 20% No Response

0124 13 30% No Response

0.231 Al 25% No Response

0.268 29 100% A\| No Response

0.269 18 2% No Response

0.281 17 20% No Response

0.285 20 40% 100%

0.286 16 30% No Response |

0.368 Al4 Saturated Saturated /1

0.605 Al Saturated Saturated

0.536 21 160% Satuiated /1

0.5661 22 :00% Saturated

0.598 25 100% -

0.632 24 50% 100% &
Uncracked 23 No Rasponse No Response
Dummies 33 No Resronse Mo Response

38 No Response No Response
L 32 {0 Response No Response

TR T R T, T

> >

GP74.0117.60

If the rejezuun criaria would ba to rejest al' parts with cracks whose raspsnse was

acjual to or greater than the DAC curve, these parts would be rojected,

Actual crack may be less than the shown length beceuse . : partial haaling
during vonding.
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FIGURE 113
TYPICAL RESPONSES FROM INTERNAL CRACKS DURING STRAIGHT
: BEAM IMMERSION TESTS
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sound beam direction the same as in the immersion tests. The couplant
‘ was "Lubriplate' grease. The results of the testing is shown in Table
& 90. As can be seen, the contact tests were not as effective as the

' immersion tests for detecting the cracks. Eleven cracks detected by
the immersion method were not detected by the contact method. These
cracks ‘ranged in length (prior to diffusion bonding) from .0L8 +to .286
inches. Of course, the present length ol these cracks may be less than
the length p.rior to bonding.

c. Verification of Internal Crack Size

Two of the internal cracks used in the porgram were intenticnally
exposed in order to measure their actual size. 8Saw cuts were nade ad-
Jacent to the cracks and the specimens were intentionally failed %y
: overload. The fracture surfaces were examined and the actual length and
) depth of each fatigue crack was measured. The measured crack dimensions
are recorded below and representative photographs appear in Figure 11h.

e o Sre pickocm Al ol

Target Actual Actual
¢ Specimen Crack Length Length Depth
ﬁ- §0. (Inches) {Inches) (Inches)
3 20 285 37 .075
: o1 536 .56 .1ho

Yhree obher specimens containing internal cracks were cross sec-
tioned and examined metallographically to locate the cracks. These
specimens, Numbers 12, Al, and Al, were selected because the ultrasonic
reuponse from the cracks were quite low or zero and it was desired to
determine if partial healing of the cracks had occurred during diffusion
bonding. Bach croszs section was polished several times and there was no
evidence of crucks in any of the cross sections. Based on this, it
apnears thal these cracks either partially or totelly healed during dif-
fusion bondiug which explains the lack of significant ultrasonic
response {'rom these specimens,
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f’ PHC OGRAPHS OF FRACTURE SURFACE OF INTERNAL CRACKS
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L, SEGREGATES - JET ENGINE DISK FORGINGS
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a. Radiographic Inspection

Digk forging No's 4, 5, and 6 from the ingot bottom and No's 7, 8,
and 9 from the ingot top were inspected radiographically by the engine
~anufacturer., Production X-ray interpreters, qualified to MIL-STD-=-L53,
' :re used to interpret the films, The forgings had been machined to a
125 rms or better finish., First, two exposures were made of each
forging with a ¢.BE. 0X-250 X-ray machine to examine the 2 3/4 inch thick
arean. The parameters shown in Table 9l were used. MIL=-STD-W53 2 per-
cent thickness titanium penetrameters were used as image quality indi-
cators and were pleced on the source side of the forgings (see Figure
115). Bach exposure was made with the X-ray beam centered at the
forging center. The film was processed manually. The geometric un-

; sharpness was .385 mm. FExmsination of the GAF 400 tilm indicated that
% the 1T hole in the 1 L1/ inch penetrameter was visille resulting in an
equivalent sensitivity of 1.4 percent. When the GAF 100 and GAI 400

: films wers placed together and examined, the 1T hole was visible in the
[ 1 1/2 inch peretrawmeter, ‘The overalli film density was 2.4 to 2.6 H and
; I when the two films were viewed together and 1.9 to 2.1 H and D where
e the GAF 400 film was viewed separately. For the NDT 55 film, the over-
: all density was 2.3 to 2.5 i and D and the 1T hole wa3 visible. When

: these films were examined for evidence of discontinuities, the rim gec-
tion was not examined., Two additional exposures wvere made to examine
the rim section and the thin section in the center of the forging.

(see Table 91). Agaln a G.E. OX-250 X-ray machine was used. One lnch
titanium penetrameters were placed on the rim for Exposure 1. Exposure
2, made at a separate facility, was made with a 3 inch titanium pene-~
trameter since a 1 inch penetrameter was not available. The overall
film density ranged from 1.5 H and D a% the »im to 3.2 in the center
section for the GAF L0O film and 1.9 in the rim section Lor the NDT 55
film. The 2T penetrameter hole was visible on the GAF 40U film and the
LT hole was visible on thce YDT 55 film resulting in an equivalent sensi-
tivity of 1.h percent.

Finally, an exposure was made ot the entire forging using a Vander-
graf in order to examine the entire forging on one radiograph. The
overall film density varied from 2.8 to 3.L H and D and the geometric
unsharpness was 0.155 mm.

PRI St A WL <= 11 2 Yo as SN

Tnere was no evidence of segretates discernible in any of the films.

Following the radiographic inspectious, forgiag No's k4, 5, 8, and
9 were sent to the Air Force Materlals Laboratory for radiographic

; ingpection. One exposure was made of cach forging with & Norelco %
g PC=300 X-ray machine. A kilovoltage of A0 KV and a 10 m.a./6 minute i

# exposure were used., The film was Kodak M and a .010 inch thick lead

; front screen was usel along with a .0L0 inen thick lead back screen,
The source-to-film distance was U3 inches and the geometric wisharpness
was LOLLl inch. Three inch titanium MiL=¥PD-4%3 penetrametlers were
tlaced on the source side of the foreing during each exposure.  [Fach
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FIGURE 115
RADIOGRAPHY OF DISK FORGINGS
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for Exposure of Rim
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TABLE 91
JET ENGINE MANUFACTURER LABORATORY DISK X-RAY INSPECTION PARAMETERS

2-3/4 in. Section Rim Section Entire
Exposure 1 Exposure 2 Exposure 1 Exposure 2 Forging
KVP - e e el 250 250 250 250 1600 !'
MA oo e _— 10 10 10 16 10 '
i
Time (Min).o.ooceeeneecan b 8 6 3 2-1/6 2:5/1"
FIlM e e e mmeammean _l.. aaF 100 NDT 55 GAF 400 NDT 55 NDT 56 '
and 400 y
Screens (Lead)  Front tmin).._}... 0.005 in. 0.010 in. 0.005 in. 0.010in, 0.010 in. "
g Eack {min} ...]....0.010 in. 0.010 in. 0.010 in. 0.010 in. 0.010 in, 1
s Source-to-Film Distance ... |._... 36 11y 38 in. 36 in. 48 in. 42 in.
]
Developing (min) .. ... .. - . ..-- 8 5 8 5 7 E
3Pig 0t ; :
4] 4 YT oody %
]

—oxmi



film was processed mantally and examined by an interpreter qualified
to MIL-STD-L53. The overall film density was approximately 2.0 H and
D density units and the 1T hole was visible in the penetrameter image
or through the 2 3/4 inch thickness resulving in an equivalent sensi-
tivity of 1.53 percent.

As in the case of the investigation by the engine maunufacturer,
there was no evidence of any segregates discernible.

b. Penetrant Inspection

A laboratory fluorescent penetrant inspection was carried out on
the 6 disk forgings at the engine manufacturer. The'specimens were
swabbed with alcohol as a cleaning method prior to application of the
penetrant. The penetrant, Magnaflux " .-22A which is a MIL-I-25.35,
Group VI post-emulsifiable penetrant, was allowed to dwell on the
forgings for 30 minutes. Excess penetrant was washed from the forgings
by a water spray at 45 psi and the water temperature varied from T8°F
to 85°F end the washing time varied from 55 seconds to 105 seconds,
Next, the forgings were oven dried at 136°F - 168°F for 10 minutes
prior to application of the Magnaflux ZP-4A dry powder developer. A
minimum of 5 minutes was allowed for development. The forgings were
examined in a darkened booth with 1,100 microwatts per cme of ultraviolet
light intensity at the forging surface.

A second penetrant inspection was performed on the forgings with
Magnaflux ZL-30A post emulsifiable penetrant. Prior to the second
inspection, the forgings were again cleaned by swebbing with slcohol.
A penetrant dwell time of 30 minutes was used prior to emulsification
with Magnafiux ZE~UA for 1 minute. Excess penetrant was removed by
apray washing at 50 psi and a water temperature of TO°F - 91°F, 'The
washing time was 10 seconds. After washing, the forgings were oven
dried at 1LO°F - 150°F for 10 minutes before application of the
Magnaflux ZP-LA dry powder developer. A minimum of 5 minutes wus
allowed for development. The fcrgings were examined in a darkened
booth with 1,100 microwattis per em® of ultraviolet light intensity at
the inspection surface.

There were no relevant penetrant indications detect -l 'iring the
two inspectiony. The only indication was from burrs and mect lne lears.

Next, the forgings were sent to the Air Force Materials Lai »rutcrey
for penetrant inspection. The forgings were cleaned by tirichlor . u.i-
ylene degreasing tor 1 hour prior to immersion in Magnaflux ZL-22M
fluorescent penetrant for 30 minutes. Emulsification with ZE-3 was
performed for 30 seconds. After excess penetrant was washed from the
surfaces, the forgings were dried for 5 minutes at 180°F. HNext,
Sherwin D-100 nonaqueous wet developer was applied for a minimal
5 minutes. As in the case of the engine inspectiong, there were no
relevant penetrant indications.

¢. Ultrasonic Inspection

Prior to ultrasonic inspection, the disk torgings were michined
to a 12% rms or better surface finish as shown in Figure 115. After
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FIGURE 116

AREAS MACHINED ON DISK FORGING
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the machining operation, the forgings were subjected to ultrasonic
inspections at the engine manufacturer and also at the Air Force
Materials Laboratory (see Table ¥2),

Production inspection of the forgings at the engine munufacturer
consisted of several straight and angle beam immersion inspections.
A 15MHz 3/4 inch diasmeter lithium sulfate focused search unit with a
focal length of 6 to 9 inches in water was used. The search unit was
pulsed at 5Miiz using s Branson 600 ultrasonic instrument. A waterpath
of 6 inches was used for both the straight beam and angle beam in-
spections and a 1/8 inch scan index was chosen as a typical production
Inspection scan index. The indexing was automatic while the scanning
was manual. The refracted sound beam angle in the metal was 45 degrees
for the angle beam inspections.

Production Angle Beam Immersion Inspection

The search unit position with respect to the reference standard
was adjusted 3o that the sound beam angle was 45 degrees in the metal.
Next, the water path was adjusted to 6 inches to bring the focal point
of the sound beam to the ,020 inch diameter hole with the greatest
metal travel. During calibration, the gain was adjusted to bring the
hole response to 80 percent of saturation, 12 dB of attenuation was
removed and the gain setting was recorded. Then, the search unit was
moved to obtain responses from each of the other holes and their response

was adjusted to 80 percent of saturation, 12 dB of attenuation was removed,

and the gain setting was recorded. The scanning gain for the inspection
of the test specimens was the highest recorded gain setting plus an
additional 12 dB,

During the scanning of the test parts, all discontin.idties with
amplitudes greater than 4O percent of the corresponding reference
standard response at the same metal travel distance were evaluated
further by manipulating the search unit, If the response, at the
"plus 12 dB" gain, exceeded 60 percent of the corresponding reference
response, the discontinuity was recorded.

The reference standard used had similar sound transmission char-
acterigtics as compared to the forgings. The gain setting at a
particular back reflection amplitude in the reference standard was
within 30 percent of the sawe amplitude back reflection in the forging
at the same metal travel.

The sound beam angles used in the angle beam inspection are shown
in Figures 117 and .18. As can be seen, circumferential, axial, and
radial shear were used. If, during initial calibration, it was found
that it was not possible to inspect through the entire thickaess of
the forging, inspections were performed from opposite surfaces to
ensure 100 percent inspection.
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» ‘ TABLE 92
&' : SUMMARY OF ULTRASONIC INSPECTIONS OF DISK FORGINGS
Location GE Production AFML
é Forging in Inspection Inspection
G No. Original
i Ingot A B A B
. 4 Bottom X X
5 X X X
L. ' 8 X X
)i
8 e e e :
f 7 Top X X
5 | 8 X X
f:{\ i
,‘ 9 X X X X
r"' GP74.0117-248
3 L-1 L3
! 6 — \\ -
| N N/
\ // — L4
K T
L-2 K i
Straight Beam Inspection ;
RS1\ RSZ\ /R83 :
B 7 AS 1 ¥
\\ \/ < b
- ™ as2
| I ?
N\ ‘.*
RS4 * N rss

Radial and Axial Shear Inspections
QP74 0117 242

FIGURE 117
SOUND BEAM DIG£CTIONS FOR DISK FORGING INSPECTIONS
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FIGURE 118
y CIRCUMFERENTIAL SHEAR INSPECTION
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Production Straight Beam Immersion

R

R

Initially, the search unit was manipulated to maximize the

response from the .020 inch diameter hole at s metal travel of
1/8 inch in the reference standard. Next, the water path was
ajusted in order to produce an approximately equal response from
the .020 inch diameter holes at 3/8 und 1 1/4 metal travels. The

' gain control was adjusted to bring the two responses to 80 percent
of saturation, 12 dB of attenuation was removed, and the gain

' getting was recorded. The search unit was positioned over the
remaining holes in the reference standard and the response was
adjusted to 80 rercent of saturation. Next, 12 dB of attenuation
was removed and the gain setting was recorded. Finally, the scanning
gain was obtained by adjusting the smallest hole response to 80
percent of saturation and removing an additional 12 dB of attenuation.

g

sy

SOk SelE

N H L e e T

et D S ()

{

|

|

|

i During the scanning of the test parts all discontinuities with

f amplitudes greater than 40 percent of the corresponding amplitude of
j
!
{
|
{
i

the reference hole at the same metal travel were evaluated further Ly
manipulating the search unit for maximum response, If the response,
at the "plus 12 dB" gain, exceeded €0 percent of the corresponding
reference response, the discontinulty was recorded.

T,

The results of the inspections are shown in Figures 119 and 120.
A combined total for each inspector is presented in Figure 121.

! As can be seen, there were only 2 indications as a result of the
lungitudinal wave inspection but many indications as a result of the
gshear wave inspections. This is true for both inspectors., This is
similar to the results of the ultrasonic inspection of the ingot and
9 inch diameter billet where several indications were found using a
shear wave that was not found using a longitudinal wave, These
results may stem rrom the orientation of the discontinuities within
the forgings. Also, since the wave length of shear waves is less than
that of longitudinal waves (for a constanit frequency), the resolution
capability of shear waves is probably greater than with longliudinal
waves, An examination of the data indicates that many more indications
were located using radial shear than were located with axial or circum-
ferential shear.

A comparison of the results for each inspector is shown in Figure
121. 1In each disk forging, Inspector B located more ultrasonic indi-
cations than did Inspector A. For example, for Disk Forging No 5,
Inspector A located a total ot 32 indications whereas Inspector B
located a total of 183. It should be pointed out, however, that all
6 disk forgings would have been rejected by both inspectors according
! to the G.E. production acceptance criteria since rejection is not
based on the quantity of discontinuities.

AFML Inspection

Disks No 5 und 9 were straight beam immersion and angle beam

: immersion inspected at the Air Ferce Materials Laberatory using AFML

3 personnel and equipment. For these inspections, a 1/2 inch diameter,
Branson lead zirconate titanate 7 MHz search unit was used. This search
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Sector 12

Sector 11

Sector 1

Sector 2

T P R0 P TIRYY|

[ adiudiof an oo ih S Xk ol s R dn (A0 DALt AN L RS S Ve &

Forging Total Longitudinal
No, (L-1,L-2,L-3,and L4)
Sector 10 Sector 3 | Sector |1| 21314 |681r17[8([9110{11}12
4 olojof2|jo0|lo|jo|OfOf0|0O]|O
————— 5 o|ofolo|sj0f{0of0j0]O}OfO
6 ojo|ofojO]jOo|0]|0OjO{O]|O|O
Sector 9 Sector 4 7 o|lo;o0|0|0(0(O(0O]JO|lO[O]O
8 ojclo|0|O0|O|0jO|O|OjO]fO
9 olo|o|olOo|O0jO({O|0O|0O|O|O
Sector 8 Sector b
Sector 7 Sector 6
Fcrging Total Radial Shear Total Radial Shear
No. {RS 1, RS 3 and RS 5) {RS 2 and RS 4)
Sector [ 1(213|4|61€!17(8]|9[16(11[12]{1]2(3{4 7(18|9(10(11{12
4 o{o)2(2|1(oj0j0j4|1{1|0]Ojo|lOf{0|OfOjO|O|1]0]0Q]|0O
5 112|]0(0|b6|2{0|4|11|0|0f4]O0lO|O|O|OfO|O|O|D]|0O|0O]|O
6 15/8|13|9|8(3[23/11|8|7|9|6]0|0[0|0|[0O|OjO|O]0O}0O[O]|O
7 111]1)10(2¢0|7(213]0|413]l0j0|{0|0fO|O|JO|O|0O]|O|O]|O
8 6/14|3|612|0]0|B6|7|8}11|10]/0f0j0|O|Of{1|0]|0|0lO|O]|O
9 o;1j0|0|0|0]|0O|O|1|O|OfO(jO|C|lO|D]JOjOjO|O]JO|O|O][O
Forging Total Circumferential Shear Total Axial Shear
No. {C$1,C52,C$4,C54,C35,and CS 6) (AS 1 and AS 2)
sector (1] 2|3]a|6(6|7]8[aftof1i[12[1][2]3]a]5]6]7]8]0]10]11]12
4 olo|ofojoj{oj0O}2|1|0(|0OfO]J1}O0f1jO0j0O11|0|O|O]|1i0]|0O
5 2|/|0|0J0]JO}O|0O|O]JO|O|OjOf1|0]|0O|O]OJO|O|OjO]|O]|O]|O
6 olo|ofojo|jo|O|Oo}jO]jOfOfOl2]0}0|l0O|0O]|0O|1|0|1]0]0O]|O
7 o(2{0|0|l0j0|O}jO]|0O|O|O]|OJO|ClO|O|O|O|jOj0({0O|0]OfDO
8 ofojolo|o|O|G|OjO|O|O|O]JO]|O]|OflO|1|[1]O0|0O]jO|0]0]O
9 0{2j0jzj0jo0|1|1j1|{ofofr]jolofojolofO|O;0(0f0jO}]O
FIGURE 119 arraonyasn

DEFECT LOCATION SUMMARY FOR ENGINE INSPECTOR A

292




Sector 12 Sector 1

— T

Sector 11 Sector 2

Forging Total Longitudinal
No. (L-1,L-2,L-3, and L-4)
Sector 10 Sector 3 | Seetor | 11213]4]5 6789 [10]11]12]
4 |olololojlolojolojolofo]|o
5 (ololo|ololojololololo]o
6 |o]ojojojolojojojojoj0j0]
Sector 9 Sector 4 7 olololclojlojo]0,0l0{0]|0
| 8 |ololo|ololo|o|lolojojolo
| o |olololololofojolololo]o
Sector 8 Sector b
Sector 7 Sector G
Forging Total Radial Shear Total Radial Shear
No. (RS 1, RS 3 and RS 5) (RS 2 and PS 4)
Sector |1]2]3[4]6]6]7]|8]olwo]112]1]2]3]als]el7]8]c]10[11]12
4 |8lof7{3{ali0{2]4|19]20i5|2]ojo|olo|o]o]olo]ololo]oO
5 |3]12|3|8|19]|5]|4 |26{s0{12|36|6|olololo|o|o|clo|ofojo]oO
6 |29]24|23{42/18| 8 |52|47|2¢(40|36|19|0| 1|0 |0}0|0|2[1]0|0]0]0O
7 |ole|s|1|4a|21]1[25[39{2|6|20l0l0l0fo]o|o|o|olo]olo]0
8 |11]10|16]/4|3]4]3|6|18|23{36|16]o|0fclojo]o]o]olololo]lo
9 [10{32] 4| 1|27] 5 |15|22]23]12]|24|11lo|0 o |ojo|ojo|ololo| 11
Forging Total Circumferential Shear Total Axial Shear
No. | (€S 1,C82,CS3,CS4,CS5,and CS 6) (AS 1 and AS 2) j;
4 Sector [1]2(3]a|56]6|7]8]9f10|1[12[1[2]3]a[s]6]7[8]010]11]1z 1
: 4 |ololo|ololo|ojo|of{olojo|lololofolo|lolojo|o|o|o]o0 ;i
6 |o|lolofjojolojo|ofolo]lolo]ojofololo]jo]ololo]olofo !
r: 6 |o0jolololo|o|olojojo|ojo|ojo]ojojo|ofo|ojojo]o]oO i
§ 7 |olojojojofojojoiojlojojojo|oj2|t|o|1]o|1]|2}2]0|0O s
8 |o|lojolo|ofloflofjojolojojololofofo]lo|o]lololc|ololo 3
9 |ojojojojojojo]ojojojojojoj0}0j0j0|0]0]0]0]0,0)0]
b"‘ GPI4 Ny JAG ?,
{ FIGURE 120 :
DEFECT LOCATION SUMMARY FOR ENGINE INSPECTOR B §
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unit was focused and had a focal length in water of approximately 5
inches, The test frequency was 5 MHz and Branson 600 ultrasonic
instrument. was used. During the inspections, the disks were located
on ¢ turntable and C-scan recordings were made of the indicatiorns.
The scan rate was 17 revolutions per minute. For the angle bean
inspections, the :1efracted sound beam anglu in the metal was 45
degrees,

The General Electric reference standard, used by G.E. in their
disk forging inspection, was also used in the AFML inspections. The
search unit was positioned over the reference standard in order to
gdjust the sound beam angle in the metal to 45 degrees for the angle
beam inspection. The water path established during the straight
beam calibration was used. Then, gain settingn were ovtained for an
20% response from each hole in the reference svandard. Next, the
response from the ,020 inch diameter reference hole at a 1.25 inch
metal travel was adjuste, to 80 percent of saturation., The scanning
gain was increased by removing an additional 12 dB of attenuation and
the C-scan was set to print-out any discontinuities whose amplitude
exceeded 60 percent of selw'ation. It was found, however, that it
was not always possible to interpret the results at this high
gain since there was a myriad of indications printed out on the
C-scan. This can be explained by the fact that very small discon-
tinuities near the sound entry surface were being inspected at an
effective sensitivity level in excess of the 'plus 12 dB" level by
virtue of their short metal travels. In order to evaluate the alsk
forgings, then, separate scans were made of each at lower gain levels
of "plus 5 dB" and "plus & dB"; as a result, approximate distance =
amplitude corrections were obtained for discontinuities at the
shorter metal travels. The C-scans were used to locate tha discontinui-
ties, Each discontinuity was then evaluated by direct comparison of
their reaponse with the response from the reference hcle at the same
metal travel, If the discontinuity response at the 'plus 12 dB" gain
exceeded 60 percent of the corresponding reference response, the
discontinuity was documented.

The straight beam immersion tests were set-up by adjusting the
water path (2 11/16 inches) until the response from the 3,/8 and 1 1/4
in~h deep reference holes were identical. MNext, the responses were
8 ted to 80 percent of saturation, and the sensitivity was increased
t. L. dB. No indications were recorded on the C-scans.
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! Two independent AFML technicians were used and the Figures
117 and 118 scan plans were reproduced by Inspector A whereas, for
Inspector B, L-3, L-4, C.S.3, C.S.4, C.S.5, and C.S.6 were omitted.

A summary of the test results appear in Figure 122. Listed
are those indications whose amplitude equalled or exceeded 60 percent
of the reference hole response at the '"plus 12 dB" level., A compari-
son of the inupection results from G.E. and AFML for disk forging No's
5 and 9 are shown in Table 93.

TABLE 93
‘ COMPARISON OF TOTAL GE ULTRASONIC INDICATIONS WITH TOTAL
AFML ULTRASONIC INDICATIONS

Sector {in degrees)
| fnspsctor | 0 30 60 90 120 150 180 210 240 270 300 330] Total
i | Disk No. 5
: GE A 4 2 0 0 5 2 0 4 1 0 0 4 32
’ l GEB 3 12 3 8 19 5 4 26 5 12 35 6 183 -
0 | AFMLA| 1* o 3 6 5 6 14 8 8 6 6 8 *71
A AMMLB | 2 2 3 7 8 6 8 9 6 N 7 &| ;
» ‘ Disk No. 9
) : GEA 1 3 0o 2 0 o 1 1 2 0 0 1 1
E GEB 0 32 4 1 27 6 15 2 2 12 25 U 187
] AFRMLA |l 3 6 3 1 1 13 4 7 12 9 6 71| *2
]i AFMLB| 4 1 1t o0 3 6 5 9 6 6 3 2| *%46

G4P74 0117 240

¢ 5 indications founc By AFML Inspector A on testing not completed by AFML Inspector 8,
** 10 indications found by AFML Inspector A on testing not complated by AFML Inspector B,
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Quter Results are for Inspecior A
and Inne: Results are for Inspector B

Disk No. b Disk No. 8

GP14 0117 240

FIGURE 122
TOTAL ULTRASONIC INDICATIONS FROM AFML INSPECTIONS OF DISK FORGINGS
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5. PLATE
a. Ultrasonic Inspection

The production ultrasonic inspection was carried out on the plate
using the straight beam 'mmersion method. A 3/4 inch diameter, 5 Miz
SIZ flat search unit (S/N 18650) was used along with a Sperry UMTT1
(8/N 66720) and a 10S dB pulser/receiver (S/N 66727). The vertical and
horizontal linearity of the electronic system had been checked within
4 months of the inspection according to the procedures given in ASTM
E317-68. A 3 inch water path was chosen for the inspections. This
water path was maintained constant for the reference standards and the
plate to +1/8 inch.

Ti-6A1-LV reference standards with 3/6l4 inch diameter flat bottom
holes at metal travels of 3/8, 1/2, 3/b4, 1, and 1-1/4 inches were used
for calibration. These reference standards were commercially purchased
Ti-6A1-4V ASTM-type straight beam reference standards. Initially, a
distance-amplitude curve (DAC) was constructed by positioning the
search unit for maximum response from that 3/64 inch diameter flat bot-
tom reference hole which exhibited the largest amplitude signal. The
signal amplitude then was adJusted to 80 percent of saturation on the
cathode ray tube (CRT). Without chunging the gain control, the search
unit was positioned over the remaining reference standards and the
amplitudes were marked on the CRI' screen. The points were Joined by a
smooth curve. In order to increase the test sensitivity, an attempt
was made to inspect the plate at & higher scanning gain., First, 19 dB
of attenuation was removed which is approximately equivalent to cali-
brating with a 1/64 inch diameter flai bottom. However, at this gain
level, the ultrasonic noise in the plate was so high (exceeded 25% of
the DAC curve) as tc prevent effective inspection (see Figure 123).
Next, a total of 7 dB was subtracted (equivalent to a 2/64 inch diam-
eter hole calibration) but again the noise in the plate exceeded 25%
of the DAC curve was too high (see Figure 124). Finally, the gain was
reset for the original 80% of saturation from the highest amplitude
reference standard. The rational of increasing sensitivity by a spe-
eific amount rather than attempting to drill and use exceedingly small
reference standard holes is valid within certain limits and should be
mentioned at this time. On & previous internal program using aluminum
ASTM type blocks, it was found that the relationship between the search
uni . diameter and frequency effects the response from the holes. Both
contact and immersion type search units were used. TFrequencies and
diameters of the uactive areas were varied and the responses were mea-
sured from several holes. The table following iists the average results -
obtained. {
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QP4 G173

FIGURE 123
HIGH NOISE LEVEL iN PLATE AFTER SUBTRACTION OF 19dB

GP24 0117 200

FIGURE 124
HIGH NOISE LEVEL IN PLATE AFTER SUBTRACTION OF 7 dB
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Response Varisations,(dB)
Frequency, MHz 2-1/h 5 10
Hole Dia. (Inches) |5 to 3 | 5 to 8 5to 3]5to8 5to 31 5 to 8
/4" -10 +8 -14 +18 -12 +19
Dia.
(inches) | 1/2" -7 +6 -10 + 8 -12 +10
3/4" -8 +7 -9 +9 -10 + 7

It is obvious that at the normal test conditions using 5 MHz 3/4 inch
diameter search units, the ratio of hole areas between a 3/64 inch, a
5/64% inch, and an 8/6k4 inch diameter flat bottom hole varies directly
with the dB galn or loss required to obtain identical CRT -response
amplitude. (i.e. If the ratio of areas between an 8/6h4 and a -, 6L is
64/9 or 7.1, then the dB ratio should be about 17 dB if area/amplitude
is the only varisble.) However, as the frequency is increased or the
search unit diameter is reduced, the area/amplitude relationship no
longer holds as can be seen in the values obtained using a 10 Miz
1/4 inch diameter search unit. This can be explained using the hole
diameter to wave length ratio and the reradiation concept discussed in
the Nondestructive Testing Handbook by McMaster (Reference 5),

In addition, the responses from standard drilled holes (no flat bot-
tom) were compared to ASTM type holes described above and the results
listed in the following table were obtained.

Response Variatiens (dB)
Frequency, Miz 2-1/4 5 10
#3 -1 =5 -12
Hole
Size #5 -2 -1k -18
(6hths)
#8 -8 -18 -28
300
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Variations in hole bottom flatness had less effect as the
frequency and hole size were reduced. The behavior of this
data alsco can be described by the hole diameter to wevelength ratio.
Plotting the Log D/A ratio versus the difference in dB from one hole
diameter to the next (in the range of 3/64 to B/54 3 wmeter) proved
that a straight line relationship exists and showea thuat the flat bot-
tom hole response will equal the response from any surface of the smme
diameter when the D/A ratio is equal to or less than 0.5.

S T AR T T
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T

This data, although performed on aluminum, should be directly
: applicable to titanium since the contour surface block resvlts as well
g\ as the transmission data discussed in this section demonstrates the
f transferability of results from one material to the other, WNote, how-
5 ever, whether material transmission characteristics or surface orienta-
tion (both front and back surfaces) or both resulted in differences in
back reflection responses of at least 16 dB from one area of the

3 bar to another.

A check was made for the difference in sound transmission charac-
teristics between the reference standards and the 1-1/2 inch thick
plate. At the gain established as described above, the decibel (dB)
difference was noted between the back surface response in the plate and
in a reference standard with the same metal travel. It was found in
the case of the two plates that there was no dB difference between the
plate and reference standard so that no correctlon was necessary.

TN e Y
Lan et

As shown in Figure 125, the plate was scanned manually from two
sides. In each case, the scan index was 0.25 inch. This was chosen
using the scanning gain by determining the total traversing distance
{ across the reference standards through which no less then 50% of the
1 i DAC curve is obtained.

e E g

|
B Approx. 110 in. |

l

. Appr.ox. ——— Scan Direction e
15in. i
2 1
Ff Test No. 1 %
: Sound i
‘ _L Beam Surface A 3
d - ) ,]
1 Sound Surface B 3

Approx. Beam 1

1.5in, Test No. 2 5

QP14 01724 :

L FIGURE 125
: SCAN PLAN FOR PLATE
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: All discontinuities with amplitude greater than 50% of the DAC curve
3 were evaluaced for acceptance or rejection. Each discontinuity rcuponse
ke 4 » )
§ was directly compared to the flat bottom hole regponse in a reference
b
{
§

standard of appropriate metal travel. The location and size of cach 1re-
Jectable discontinuity was marked on the plate and, upon completion »f
the inspection, the information was transferred to mylar overlays.
Finally, all the markings were removed from the plate.

i i

e

Upon completion of the 5 MHz straight beam inmersion testing, the
plates were reinspected using a 10 Miz, 1/2 inch diameter, lead zirconute
titanate search unit (S/N 15384). ‘l'he remaining equipment, production
inspector, and procedure was as for the 5 Mz inspection.

AR A

A typical CRT photograph of a disconti.uity in the plate is shown in
Figure 1206.
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TYPICAL RESPONSE FROM DISCONTINUITY IN PLATE

)

The results of the two straight beam Inspection is shown in Tublen gy 3
and 95 . The approximate location of each discontinuity is shown in the

sketeh in Figure 1.7, Ueveral discontinuitics were found In the plale
which originated rom the bottom of the original ingot.  There were no
1 rejectable discontinu’oics deteeted in the plate which originated throm
- the top ot the original ingot.  Type [
in this material Crom the inprot top.

alphin sepropatos were expecloed
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k& TABLE 94

SUMMARY OF STRA!GHT BEAM TESTING OF PLATE FROM INGOT

gx BOTTOM (SURFACE “A"” WAS THE SOUND ENTRY SURFACE)

!: " Defect Approximate Length | Approximate Depth | Response Amplitude

X

No. | smuz | 10Hz | 5MHz | 10MHz | 5MHz | 10 MHz

- !

L’ 1 A | os | o8 06 No. 3| < No. 2

4 2 | 60 | 656 | 07 | 06 !>No.5[>No.5

i 3 06 | 06 | 06 |>No.8|>No.3

il 4 18 1.6 0.9 09 |>No.6| No.&

i 5 06 | 076 | 076 | 08 |>No.65|>No.3

ﬁ%‘; 6 % 0.9 08 |<No. 3|>No. 2

[l 7 N 1 0.8 0.8 No.3 [ < No. 2

: 8 326 | 375 | 06 08 |>No.5|>No.b

F 9 % A | A

7 10 0.6 0.6 No. 3 | > No. 2
1 A 076 | 04 08 [>No.3|>Nu2
2 | A | A | ve 0.8 No.2 | < No. 2
13 | 076 | 076 | 08 05 |>No.3| No.2
14 1.0 0.5 0.6 06 |>No.3|>No.2

! 16 ?& AN | oos 0.6 |>No,3|<No,2

16 A | A | A

\ 1\ lrdication was not lingar kS
! Indication was not detected ¥
. ar14-0117 20 i

f
i

)

i
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v
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TABLE 95
SUMMARY OF STRAIGHT BEAM TESTING OF PLATE FROM INGOT
BOTTOM (SURFACE “B"” WAS THZ SOUND ENTRY SURFACE)

Defect Approximate Length | Approximate Depth | Response Amplitude
No. | SMHz | 10MHz | 5MHz | 10MHz | 5MHz | 10MHz
1 04 | 076 | 09 0.9 No.3 | > No. 2
2 6.5 5.5 0.8 08 |>No.5|>No.5
3| o6 | 078 | o9 0.9 No.3| No.3
a | 176 1.6 0.6 06 |>No.5|>No.b
6 | 076 | 075 | 08 08 [>No.5|>No.3
] 6 ﬁ % 08 | 05 [>No.3| No.2
i, 7 0.6 0.7 >Na.3 | >No.2
. 8 | 35 36 0.9 09 |>No.5|>No.5

E\ g % % 1.2 2\ No. 3
! 10 0.9 0.9 No.3 | > No.?2
3 1 0.6 1 1.2 0.6 No.3 | > No. 2
2 | A AN | os 0.8 | <No.3|>No.2
4 13 | 075 0.5 1.0 1.2 | >No.3|>No.2
: 14 | 075 | 05 0.9 .9 No. 3 | < No. 2
t 16 ?i 076 | 09 | 10 No. 3 | > No. 3
16 1 A 1.2 11 [ >No.3|<No.2

J

' : 1\ Indication waes not linear

. !

3 ' Indication was not detectad
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The discontinuities found in the plate from the ingot bottom varied
in length from zero (non-linear) to 5.5 inches. The smplitude response
varied from less than a 2/6l4 inch diameter flst bottom hole to greater
than a 5/64 inch diameter flat bottom hole.

IR oY T TR LAY

The test results indicate that greater resolution was achieved with
the 10 MHz frequ-ncy than the 5 MHz frequency. For example, several of
the discontinuities which appeared to be non-linear using 5 MHz were
found to have length when tested with 10 MHz (see Table 94).

b. Radiographic Inspection

The plate material was radiographically inspected using production
radiographic facilities. The exposures were made with a Siefert Isovolt
400 X~-ray machine having a 4.0 mm focal spot. Tre exposures were made
g at 150 KV and 10 millemperes for 15 minutes. A MIL-STD-453 - 3 pene-
trameter was used as an image quality indicator and was placed on the
gource side of the plate. The front screen was .005 inch thick lead snd
the back screen was .010 inch thick lead., Cardboard cassettes were used
with 14 x 17 inch Geveart D4 film (ASTM Type I) and a 1/8 inch thick
i2ad sheet was used to back up the film casseuvte. The focal spot-to-
£ilm distance was 45 inches and ‘he direction of the central beam was
aligned to be perpendicular to the film surface. Twelve inch wide areas
; were exposed using the 14 x 17 inch film to provide for overlapping of
& exposures. The exposed film was processed in a Kodak Model B X-Omat
asutomatic processor using Geveart Gl35N developer and G33u4N fixer. The
density of each radiograph was between 2.0 and 2.5 H and D.

e e e AT TR F BRI

WA

None of the segregates which were detected ultrasonically were
observed on the radiographs. A second examination of the films was made
in the area of ultrasonic indications but, again, there was no evidence
of discontinuities on the films. From this, it can be concluded that
the Type I stabilized alpha detects in plate are more easily detected
using ultrasonic techr.iques than radiography.
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a. Ultrasonic Inspection

The initial production straight beam inspection of the bar was
performed using the same 5 MHz gsearch unit as was used for the plate
inspection. All the equipment for the bar ins)ection was the same
as for the plate inspection. Ti-6Al-4V reference standards with 3/6.4
inch diameter flat bottom holes at 1/2, 3/4, 1, 1-1/k, and 1-3/k
inch metal travels were used to establish the DAC curve as described
for the plate inspection. As with the plate inspection, an attempt
was made to increase the scanning gain by subtracting 19 dB and then
T dB but again the ultrasonic noise level was greater than 25% at
the DAC curve level (see Figure 128). As in the case of the plate
inspection, the gain was reset at thz? original DAC curve level. The
scan index was .25 inch.

Correction was made for the difference in sound transmission
characteristics between the reference standards and the bar using
tlhie same procedure as for the plate inspection. It was found that
there was a wide variation in the sound transmission characteristics
along each bar. Ccnsequently, each bar was divided into 12 inch
segments and correction was made for the average attenuation within
each segment. The variation in average dB difference between each
segment of the bar and the reference standards is shown in Table 96.
As can be seen the variation was as great as zero to 13 dB within
a single bar. A portion of the dB difference may be due to surface
irregularities.

TABLE 96

VARIATION IN AVERAGE SOUND TRANSMISSION CHARACTERISTICS
BETWEEN BAR AND REFERENCE STANDARDS FOR 5 MHz STRAIGHT
BEAM TESTING

Bar Variation in Average dB Difference Between
No. Bar and Reference Standard

1-2A2A Oto 13dB

1-2A28B Oto 6dB

1-2A2C 3to12dB

1-2A20 Oto 7dB

1-2A2E 1to 10dB

1-1A2A 0to 7dB

1-1A28B Jto 8dB

1-1A2C 2t0 9dB

1-1A20 3to 8dB

1-1A2E Oto 7dB

GRIAOIYT 0
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As with the plate inspection, the waterpath was 3 inches 1_1/8 inch.
Many of the bars were warped and twisted. Consequently, it was not
possible to scan them automatically and still maintain a + 1/8 inch
water path., Therefore, the scanning bridge was moved by hand by the
cperator. The bars were scanned as shown in Figure 129,

Sound
Beam
| 0.26 in.
‘ { Test No. 1
v N \ :
% 8 lSound Beam
: NNl :
\ | % Test atpp—— TGSt
. \ ‘g Index = No. 4 Sound NO-2
0.25 in. Beam
W —l 5
| ’ Test No. 3
E Mater.ial 0.25 in.
; Inspected
i
ey GQP/4-0117.32

e FIGURE 129
SCAN PLAN FOR BAR

Each bar was inspected in 4 mutually perpendicular directions to
overcome detection difficulties that might arise from the orientation
of discontinuities.

A D L BT Al @ ot s

PPN

As with the plate, all discontinuities with amplitude greater
¥ than 50% of the DAC on the cathode ray tube were evaluated further
E" . to determine acceptance or rejection. Each discontinuity was evaluated
:
]
2

j : by manipulating the search unit to maximize the response from the
discontinuity.

The location and size of each discontinuity whose response
exceeded the DAC curve was marked on the bar surface. After completion
| of the inspection, the information waes transferred to mylar overlays
i and the markings were removed from the surface of the bar.

A

For comparative purposes, a second struf t beam immersion inspection
was performed using a 10 MHz, 1/2 inch diame..r, lead zirconate ;
titanate search unit (S/N 15384)., The remaining equipment, production
inspector, and procedure was as for the 5 MHz inspection.
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2 Figure 130 is used to explain the results of the straight
& _ beam immersion tests and Figure 131 is a schematic showing the
/3 ! section layout. The inspection data is presented in Figure 132.

o

g

& ’ As can be seen, several discontinuities are present in the bars
;- which originated from the bottom of the original ingot. There were
i no rejectable discontinuities detected in the bars which originated

i from the top of the original ingot. Type II alpha segregates were
%{ expected in this waterial from the ingot top. It is not known if
57‘: these segregates exist in the bar at this point or if the

if ultrasonic inspections were not successful in detecting them.

The discontinuities found in the bars from the ingot bottom
varied in length from zero (non-linear) to 9.3 inches, The amplitude
response varied from less than a 2/64 inch diameter flat bottom hole
to greater than a 5/64 inch diameter flat hottom hole.

The teat results indicate that greater resolution was achieved
with the 10 MHz frequency than the 5 MHz frequsncy. For example, the
5 MHz inspection of Bar 1-2A2A, Section T indicated the presence of
2 separate discontinuities, where as, the 10 MHz inspection revealed
one continuous discontinuity. In addition, there were a few point
discontinuities detected at 10 MHz which were not detected at 5 MHz.

T E e P T T

-
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The importance of correcting for differences in sound transmission
: characteristics between the bar ani the reference standard, can be
v seen from the test results. For example, in one mrea of Bar 1-2A2A,
a difference of 13dB was encounterad. Without correction, the reaponse
amplitude would be reduced to approximately 25 percent of 1its amplitude
' after correction and it is doubtful that discontinuities equivalent
i to a 2/64 inch diameter flat bottom hole would have been detected.

1
;
h
4

Following the straight beam lnspections, several of the bars
were inspected using angle beam immersion tecliniques. The following
bars were inspented:

1-2A2A, 1-2P2B, 1-2A2D, 1-1A2A, 1-1A2B, 1-2A2C

Each bar was inspected using a 3/4 inch diameter, 5 MHz, flat
Aerotech Gamma search unit (S/N 112322) and a Sperry UM 7Tl Ultrascric
instrument with a 108 dB pulser/receiver. The reference standard was
a 2 inch thick as-rolled plate, machined to the configuration pre- !
2 viously described in Figure 48. The difference in sound transmission
: between the bar and the reference standard was measured using the J
straight team immersion method. A 1/2 inch diameter, 10MHz, Aerotech
Camms search unit was used. A frequency of 10 Miz was choser to keep
the wave length the same as with for 5 MHz shear mode sound bean,

The search unit was positioned over the reference standard and the

back reflection through the 2 inches of metal was adjusted to 30
percent of saturation. Next, without changing the gain control, the
search unit was positioned over the 2 inch thick bar. The search

unit was moved to several wmositions on each bar and, in this manner, an
average dB difference between the bar and reference standard was
arrived at.
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Discontinuity
Length

| Amplitude was

i / Equivalent to
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: L | 2

3.0 Hole Response
' Tya
. ———— Discontinuity
Linear Indiction Deuth
Amplit ade was

" /— Greater Than a
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Nonlinear Depth
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L FIGURE 130
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Bar No. 1-2A2A
10 MHz
5 J Section 1

5, -2
it I i
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N f~—EoP 0.7n

‘ L 4.4 in, "|

Surface B
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i 1.5in,
: -2 Surface C
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FIGURE 132
LOCATION OF DEFECTS IN BAR
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F!GURE 132 (Continued)
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Next, the 5 MHz search unit was attached and adjusted for a 3 inch
water path and a refracted sound heam angle in the bar of 45 degrees
* 5 degrees. A distance - amplitude correction (DAC) curve was
developed using the side-drilled 5/6U4 inch diameter holes in the
reference standard. The search unit was located for sound entry polnts
1, 2, 3, 4, and 5 shown in Figure 133. The signal amplitude was
adjusted to 80 percent of saturation at whichever point gave the
highest amplitude signal. Without changing the gain control, the
search unit was positioned at the other points, the signal amplitudes
werc marked on the cathode ray tube (CRT), and the points were joined
by a smooth curve. Then, the search unit was located at Position 6 and
the iastrument gain was adjusted to bring the response from the 2/64
inch diameter hole to coilncide with Point 2 on the DAC curve.

] The scan index was .25 inch. This index was chosen using the

! scanning gain by determining the total traversing distance across

l the reference standard through which no less than 50 percent of the
£ _ DAC curve response is obtained. Each oar was scanned using Surface A
' ] as the sound entry surface. The scanning direction was parallel to

{ the 7 foot length of each bar. All discontinulties whose amplitude

!

{

t

t

|

|

exceeded 50 percent of the DAC curve were evaluated further for
reject or accept status.

None of the bars exhibited ultrasonic responses which exceeded
50 percent of the DAC curve, however. This was true even for those
k- 5 areas where discontinuities were detected previously by straight beam
; : testing. Subsequent metallographic examinaticrn of the dlscontinuities
; ! detected by the straight beam tests Indlcated that most of the segregates
were somewhat planar and oriented parallel to the sound entry surface.
Such an orientation would favor detection by straight beam techniques
but, apparently, would be unfavorable for an angle beam test.

6. RADIOGRAPHIC INSPECTION

The bar was radiographically inspected using the production radiographic
facilities. The procedure was the same as for the plate except the exposures
were made at 210 KV and 10 milliamps for 15 minutes.

As with the plate, none of the Type I alpha scgregates detected ultra-
sonically were observed on the radiographs.

i

T. SEGREGATES - AIRFRAME FORGINGS

L se

a. Ultratcric Inspection

Each c¢f the airframe forgings were inspected using the stralght
beam immersion method. A 3/0 inch diameter, 10 MHz lithium sulfate
search unit (S'N 15384) was used with a Sperry UMT2l ultrasonic

instrument and a 108 dB pulser/receiver. The water path was 3 inches
+ 1/3 inch.

o St LR A

: Cunmercially produced Ti-6A1-UV reference standards with 3/6L4 inch ‘
3 diameter flat bottom holes at metal travels of 1/8, 1/4, 1/2, 3/4, 1, ,
- 1-1/4, and 1-3/4 inche: were used for calibration. These reference i
! standards were ASTM - type straight beam reference standards.
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Initially, a distance-amplitude correction (DAC) curve was constructed
by positioning the search unit for maximum response from the 3/6l inch
diameter flat bottom hole which exhibited the largest amplitude signal.
The signal amplitude was adjusted to 80 percent of saturation on the
cathode ray tube (CRT). Without changing the gain control, the search
unit was positioned over the remaining reference standards and the

; amplitudes were marked on the CRT screen. The points were Joined by
a smooth curve,

In order to increase the test sensitivity, an attempt was made
to inspect the forgings at a higher scanning gain. A total of 7 dB of
attenuation was removed which 1s equivalent to calibrating with a
: 2/6k4 inch diameter flat bottom hole. At this gein level, the ultra-
sonic noise in the forgings was less than 25 percent of the DAC curve.

I

TR L T

A check was made for the difference in sound transmission characteristics
between the reference standards and the forgings. At the gain level
established above, the decibel (dB) difference was noted between the
back surface response in the forging and in a reference standard with
the same metal travel. This was done at approximately 10 locations
in each of U4 of the forgings. The average dB difference was 2 dB.

It was decided that this difference was insignificant and no corrections
were made for it.

ome

G

L =

The scan index was 0.25 inch. This was chosen using the scanning
gain by determining the total traversing distance across the reference

i standards through which no less than 50 percent of the DAC curve is
) obtained.

The scan plau for the forgings is shewn in Figure 134, As can
be seen the thin sections were scanned from opposite sides to improve
the inspectability near the sound entry surface. Each discontinuity
whose amplitude exceeded 50 percent of the DAC curve was evaluated
further. The search unlt was manipulated tc maximize the response
from the discontinuity and, if the maximized response equalled or
exceeded the DAC curve, the location of the discontinuity was marked
on the surface of the forging. A summary of the results is shown in
Figure 135. As can been seen, ultrasonic indicatioas were found in
Forging No., 1 which is from the bottom of the original ingot and Forging
No's 5 and T from the top of the original ingot.

Py
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8. METALLOGRAPHIC EXAMINATION OF SEGREGATES IN BAR, PLATE, AWD FORGINCS

inspections were sectioned and examined metallographically. Those discon

l
& g Several discontinuities which were detected during the ultrasonic
‘ tinuities which were examined are listed below.

Length (Inches) Depth (Inches)

e P o T e TP T
S PR R S

P )

AP SES

Forging No T

Airframe
Forging No L

Engine Disk
Forging No k4

Engine Disk
Forging No 6

Engine Disk
Forging No T

Ultrasonic Response [25

bottom hole

Z&S Results of 10 MHz straight beam immersion test
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! ; Part No
5
%- g Bar 1-2A28 Less than No 2 flat 1.15 1.30
g, Section 1 bottom hole
B
v Bar 1-2A2B No 2 flat bottom 2.50 1.12
i Section 6 hole
ki
5
. Bar 1-2A2E Greater than No 5 9.3 0.75
: Section b flat bottom hole
! Bar 1-2A2F Greater than No 2 3.0 1.37
%‘ Section 5 flat bottom hole
:
P : Plate A - Greater than No 5 5.0 0.63
4 3 Sketion 3 flat bottom hole
¥ Plate A - No 2 flat bottom hole 0.75 0.50
A , Section 17
- ¥
1 : Plate A - No 2 flat bottom hole 0.50 0.63
4 ; Sketion 18
r y

; Airframe Greater than No 2 flat
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i Photomicrographs of the discontinuities found metallographically in
the bar and plate are shown in Figures 136 through 142, A summary of
the size of each is documented in Table 97.

TABLE 97
DIMENSIONS OF TYPE I ALPHA STABILIZED DEFECTS

Location Width | Thickness
Segregate (in.) {in.)
Bar 1-2A28
Section 1 0.20 0.03
Bar 1-2A28B
- Section 6 0.02 0.01
/////// Bar 1-2A2E
Section 4 0.09 0.02
Thickness Bar 1-2A2E
| ///////’ Section & 0.18 0.03
<3 Plate A - Section 3 0.28 0.006
Wid «—f
1 widn | / Plate A - Section 17 0.23 0.06
Plate A - Section 18 0.21 0.03
GP!4 OVY/ 48

The discontinuities in the bar and plate all were from material which
originated from the bottom of ihe ingot. This area had been seeded with
nitrided sponge to induce Type I alpha stabilized defects. The detected
discontinuities all had the characteristics of Type I segregates as
described in "Characterization of Alpha Segregation Defects In Titanium
6AL-4V Alloy" by Ii. M. Grala in AFML TR 68-304. In each, there was
evidence of erack:; and/or voids assoclated with alpha stabilized phase.

The cross scetions tuaken through Airframe Forging No 7 were taken through
both of the ultrasonic indications. The cross sections taken through
Airframe Porgimg No ! were taken through two random areas since there were
no ultrasonic indications in thiu forging.

There was no evidence of segregates or cracks and voids in the cross
sections through Airframe Forging No 7. At this point, it is not known
if the ultrasonic indications were false indications or if the segregates
were present but not detected during the metallographic examination.
Since there were no ultrasonic indicetions in the forgings from the top of
the ingot, two random cross sections were taken through Airfreme Forging
No b to determine if there were Type I1 segregates present which were nct
: detected ultrasonically. 'fhere was no evidence of Type II segregeates and,
j therefore, the testing was inconclusive. A typical photomicrograph of
é the airframe forging microstructure is shown in Figure 143,

L i
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PHOTOMICROGRAPHS OF SEGREGATE IN PLATE A, SECTION 3 (RESPONSE WAS
GREATER THAN NO. 5 FLAT BOTTOM HOLE)

o et e 2t

GHI4 0L G

JET .

3

e e AT e 20 mamaata e

T O SO L-AJ




Sk B L et o e L L R B R MR £ it i 2 v e e AN

B
A
i
3
4
)
"
)
a8
§
e
i
»
.
8
A
:
3
h
X
;
.
i
:
A
0
P
!
i
.
Ay
1,
i
3
4
B
p
kY
3
4
;
il
1,
R
y
Nl
<
4
) GPIA U g7 ]
:

Matrix
FIGURE 136 (Continued

PHOTOMICROGRAPHS OF SEGREGATE IN PLATE A, SECTION 3 (RESPONSE WAS
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PHOTOMICROGRAPHS OF SEGREGATE IN PLATE A, SECTION 17 (1iU0PCNSE WAS ,

EQUAL TO NO. 2 FLLAT BOTTOM HOLE)
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v IGURE 138
PHOTOMICROGRAPHS OF SEGREGATES IN PLATE A, SECTION 1€ (RESPONSE WAS
EQUAL TO A NO. 2 FLAT BOTTOM HOLE)
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FIGURE 138 (Continued)
’ PHOTOMICROGRAPHS OF SEGREGATES IN PLATE A, SECTION 18 (RESPONSE WAS
EQUAL TO ANO. 2 (FLAT BOTTOM HOLE)
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FIGURE 140
PHOTOMICROGRAPHS OF SEGREGATE IN BAR 1-2A2B, SECTION 6 (RESPONSE
WAS EQUAL TO NO. 2 FLAT BOTTOM HOLE)
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FIGURE 141

PHOTOMICROGRAPHS OF SEGREGATE IN BAR 1-2A2E, SECTION 4 (RESPONSE
WAS GREATER THAN NO. 5 FLAT BOTTOM HOLE)
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; PHOTOMICROGRAPHS OF SEGREGATE IN BAR 1-2A2E, SECTION 5 (RESPONSE
WAS GREATER THAN NC. 2 FLAT BOTTOM HOLE)
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Prior to sectioning Disk Forging No's 4, 6, and T, an immersion angle
beam laboratory ultrasonic inspection was performed to precisely locate
several discontinuities detected during the production inspections. A
3/4 inch diameter long focused lithium sulfate search unit was used along
with an Immerscope Rl pulser/receiver. The test frequency was 15 MHz.

A water path of 5 inches was used and the sound beam angle in the forgings
was 45 degrees. The scan index was .050 inch and the scan rate was 2.25
revolutions per minute. Calibration was performed in the same manner as

for the production ultrasonic inspection of the forgings described
previously. An X-Y recording was prepared for all the scans used in the
production ultrasonic inspection from an analog signal provided by the
ultrasonic equipment. The locations of the subsequent sections for metallo-
graphic purposes were based on these results.

Finally, a manual scan inspection was performed using the same equip-
ment except for a Sperry HFN pulser/receiver. An additional 12 dB of
attenuation was used for this inspection.

A comparison of the results of the original C-scan, analog-gcan, and
manual scan Disk Forgings No 6 and 7 is shown in Tables 98 and 99 As can
be seen, there ig a high degree of reproducibility among these three
methods.

The locations of the sections taken through the disk forgings are shown
in Figure 1hl4. Fach section wae polished and then macroetched with a 5
percent HF-95 percent water solution for 5 to 10 minutes. Following this,
selected areas were prepared metallographically and examined at high
megnification. The etchant used was 10 percent HF-90 percent water for a
few seconds. Photomicrogrephs of the discontinuities in the disk forgings
are presented in Figures 145 and 1k6,

The discontinuity in Disk Forging Nc 4 appears to be a Type I alpha
stabilized defect in appearance. This defect was detected by both shear
wave and longitudinal wave ulirasonic inspection during the General
Electric production ultrasonic inspection. During that inspection, the
ultrasonic amplitude responge was 25 percent of saturation in the longi~
tudinal wave inspection and 40 percent of saturation in the radial and
circumferential shear wave inspections.

The defect was examined with a Cambridge Steroscan Model Mark IIA
scanning eleciron microscope and an aluminum analysis was madz in several
areas. The aluminum content was 3.9 percent adjacent to the void and 6.0
percent in the matrix away from the void. The alumiiiuz content in an
alpha phase area was 1.5 percent. These compositionsl differences compare
favorably with the previous results reported in "Characterization of Alpha
Segregation Defects In Titanium 6A1-4V Alloy" by E. M. Grata in AFML
TR 68-304 for Type I alpha stabilized defects.
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reference; gray-scale was not made at the time of the scan,
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; TABLE Y8 jj
E“ '. COMPARISON OF THREE METHODS USED IN FINDING 1
i DEFECTS FOR EVALUATION (DISK NO. 6) »‘:
¥ . x
ie‘ Top Circumferential Shear O.D. to I.D. :
& . Angular Position* | Depth | Amplitude
| Defuct Type Scan (deg) i) (%) i:
A | CScan 40 0.625 NA ;;
Analog-Scan 40 0.687 77 {
: Manual-Scan 40 0.600 44 3
: B C-Scan 320 0.760 NA %
Analog-Scan 320 0.687 62-76 2
Manual-Scan 320 0.850 30 %
: C C-Scan 300 1.000 NA g
‘ Analog-Scan 208 0.760 68 3
4 Manual-Scan 300 0.900 20 ;
{ H C-Scan 170 0.750 NA a
' Analog-Scan 168 0.875 60 i
Manual-Scan 170 0.800 30 %

| C-Scan 355 1.000 NA '

Analog-Scan 355 NA 50

Manual-Scan 355 0.700 50 .
J C-Scan 265-258 0.250 NA i
Analog-Scan 265-258 0.312 8R i
Manual-Scan 255 0.300 40-45 ,
Jo C-Scan 262-266 0.250 NA i
Analog-Scan 265 0.260 80 1
Manual-Scan 265 0.300 65 y
*Entering point of beam glven . circumfarential mode g
Naote: Dapth glven for C-scan is the gate center depth - actual depth j
can be ! 1/16 - also, the amplitude cannot ba glven as a 1

N.A, -- Not Applicable
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8 TABLE 98 (Continued)
{ COMPARISON OF THREE METHODS USED IN FIf.DING

DEFECTS FOR EVALUATION (DISK NO. 6)

R

S; Bottom Radial Shear OD to 1D
3&5
* Angular Position | Depth | Amplitude
l; Defect | Type Scan (deg) in.) (%)
E C-Scan 16 1.000 NA
£ Analog-Scan 14-16 0.937 79-90
i Manual-Scan 15 1.000 70
i
F C-Scan 200 1.000 NA
4 Analog-Scan 204-206 1.000 90
i Manual-Scan 200 1.000 80
Bt G | CScan 313315 1.000 NA
i Analog-Scan 306-308 1.062 85
e Manual-Scan 315 0.950 60
iy Gy | C-Scan 330 1.250 NA
Analog-Scan 342 0.812 75
- Manual-Scan 330 1.100 60
i D | CSean 156 1260 [ NA
Analog-Scan 155 0.937 85
' Manual-Scan 155 0.950 50
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! i TABLE 99
E ; COMPARISON MANUAL AND ANALOG SCANS FOR DISK NO. 7
P i
% X Angular Position | Distance from GD Depth
%ﬁ ; Indic. | Type Scan | SO84HE0 in) (o)
b f Bottom Radial Shear In
f A | Analog 176 0.91.2 1
§ . A Manual 176 0.9 1.1
f“ i B Analog 224 0.4-0.5 1-1.1
B Manual 224 0.4-0.5 1.1
P C | Analog 240 0.8:0.9 0.95-1.0
& ; C | Manual 240 0.80.9 0.95
gf i D | Analog 192 1.36-1.45 0.85-1.0
"\ @ D Manual 192 14 0.9
5 g F. Analog 350-355 1.45-1.6 1,02-1.1
3 : E Manual 350-365 1.6 1.06
; F Analog 260 1.9-1.95 0.3
: F Manual 250 1.9 0.3
G Analog 98-100 1.26-1,25 1.16-1.17
G Manual 100 1.26-1.3 116
H Analog 22 0.9-1.0 1.16
H Manual 22 1.0 1.15
N Analog 84.86 2.250 0.4
N Manuai 85 2,250 04
Top Radial Shear In
[ Analog 124-126 0.25-0.3 0.7-0.76
| Manual 124 0.3 0.75
| ) Analog 98-102 0.85-0.95 0.8:0.9
I J Manual 100 0.850 0.9
; K Analog 278 0.45-0.5 0.7-0.76
i K Manual 278 0.5 0.7-0.76
,' L Analog 140-144 2.1-2.2 1+
s L Manual 140 2.16 14
M | Analog 92 1.3-1.35 0.95
M | Manual 92 1.3 0.95
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FIGURE 144
LOCATION OF METALLOGRAPHIC CROSS SECTIONS IN DISK FORGINGS
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FIGURE 145
DISCONTINUITIES IN DISK FORGINGS
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FIGURE 146
PHOTOMICROGRAPH OF DISCONTINUITY M IN DISK FORGING NUMBER 7 (SEE TABLE 99!}
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SECTION VI
CONCLUSIONS

The following conclusions may be drawn from the results reported here:

(1) To most effectively detect a wide variety of crack and porosity
: sizes with a production penetrant inspection, several parameters must
Lf be carefully controlled. These parameters include the penctrant dwell
% and bleed-out times, the emulsification time, the temperature and

v pressure of the water used to iemove the excess penetrant, the type

¥ of developer used, and the ultraviolet/white light intensity in the

ﬁ inspection., Some manufacturing operations performed prior to pene-

; trant inspection, such as glass bead peening and shot peening, can

3 reduce the effectiveness of subuequent penetrant inspection. Removal
: of material by chemical etching prior to the penetrant inspection
can improve the effectiveness of the penetrant inspection.

(2) Surface connected cracks with lengths of approximately .050 to
.10 inch can be detected with a high probability at a 95 percent
confidence level in a production penetrant inspection. Smaller
cracks can also be detected, but with a lower probability of detec-
tion. The overall capability for crack detection in a particular
production part is related to the chosen NDT plan. For example, a
penetrant inspection followed by a surface wave and ~-~gle beam ultra-
sonic inspection will substantially increase the p.obability of
crack detection.

(3) The effectiveness of ultrasonic inspection of titanium ingot,
billev, and forgings can be increased by using the shear wave mode
as well as the longitudinal wave mode.,

(4) Macroetching and anodic etching of the random billet sections are
ineffective techniques for establishing the existence of Type I stabilized
areas.

(5) Ultrasonic inspection of titanium ingot and billet material could
be significantly improved by implementation of such developed inspec-
tion techniques as the use of proper reference standards, proper pre-
paration of the billet surfaces, and compensation for sound transmission
differences.

(6) A significant difference in sound transmission characteristics can
exist between the part to be inspected and the reference used when
inspecting titanium bar, plate, and forgings. When these differences
are large, compensation muat be made to conduct an effective ultrasonic
inspection.

(7) Contour sound entry surfaces can significantly effect the results

of & straight beam immersion ultrasonic inspection and compensation shoula
be made for this effect. The amount of compensation required varies as a
function of radius of curvature, metal travel distance and search unit.
Aluminum contour reference standards can be used for inspecting titanium

! if adjustments are made for differences in sound transmission characteris-
1 tics, One contour reference standard can %e used to inspect a contour
surface with a range of radii.
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(8) The effectiveness of immersion angle beam inspection of internal

cracks in machined thick sect.on titanium is highly dependent upon the
orientation of the crack with respect to the sound beam. Crack detec~
tion capability is very poor with the sound beam at 45 degrees to the

crack surface,

o

ST

(9) Discontinuities, which are oriented perpendicular to the sound
entry surface, are more easily detected in thin section parts than
thick section parts when using angle beam ultrasonics. Discontinuities,
which are oriented parallel to the sound entry surfuce, can be detected
1 i in thin section parts using straight beam ultrasonics.

S LTS SR R Y S

(10) A multiple inapection NDT approach, such as a penetrant inspection
", followed by both a surface wave and contact angle beam ultrasonic inspec-
4 : tion, is highly effective in detectiing surface cracks. At least 98

o : percent (95 percent confidence level) of all cracks with lengths .050 to
0.10 inch can be detected with such an inspection approach.

e, e

(11) The radiographic method does not appear to be an effective method
for the detection of Type I or Type II alpha stabilized defects in
titanium bar, plate, and forgings, whereas the ultrasonic method can

be effective in detecting Type I alpha stabilized defects in titanium
ingot and billet as well as bar, plate, and forgings.

; (12) Eddy current methods potentially can detect fatigue crecks with

‘ depths of approximately .025 inch in unfilled fastener holes. Higher
frequency eddy current inspection may be capable of detecting smaller
cracks., ’
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Seetion VII

Recommendations

The following recommendations are made based on the results reported here:

(1) The processing parameters for other penetrant systems need to be
investigated to establish the variations to .e expected from one system to
another,

. (2) The crack detection capability of other penetrant systems need
i : tc be measured to determine the variation within one MIL-I-25135 group.

(3) The quantitative effect of various mechanical processes upon penetrant
crack detection capability needs further definition,

(4) Further work should be done in the area of ultrasonic inspection of
contour surfaces to determine at which radius the contour effect becomes negligible.

f . (5) The crack detection capability of surface wave ultrasonics should be
! ' measured for subsurface cracks at various depths below the surface,

(6) Several aspects of ultrasonic inspection of titanium ingot and billet,
such as controlling search unit characteristics and using proper reference standards,
need to be implemented by the titanium producers.,

(7) sSeveral aspects of radiorraphic inspection need to be improved, Improve-
wments in the plaque-~type lmajre quality indicators are necessary to achieve
reproducible radiography, Imare quality indicators are needed for material
thicknesses of 1/h inch or less. A need exists for low KV, high milliamperage
X-ray equipment to improve subject contrest while maintaining reasonable exposure
time, A method is needed to meamsure the actual KV of an X-ray machine,

(8) The minimum detectable crack depth in titanium fastener holes with hign
frequency eddy current reeds to be determined,

(9) The effect of the alpha sepregates, detected in this program, upon
the mechanical properties of Ti-6Al-4V neads to be established,

(10) Military nondestructive testing specifications should be revised to include
data developed during this program such as penetrant dwell times for high sensitivity
water washable penetrants and ultrasonic inspection procedurss for contour surfaces.
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