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SECTION 1 

INTRODUCTION 

1.0 GENERAL 

This is the twelfth and last quarterly progress report for the program and 
covers: 

1. The work performed during the fourth quarter of FY-19 71 

2. A partial review of the results to the present time for the Defects 
Evaluation Task 

The project was terminated at the end of the FY-1971. 

2.0 SUMMARY OF OBJECTIVES 

The project was focused on the short term, and was concerned with steps to 
improve commercially available Type 316 austenitic stainless steels for use 
as cladding in LMFBR fuel rods. The overall project objective was to deter
mine the influence of structure on mechanical properties of Type 316 austeni
tic stainless steel so that optimum specifications, which would assure maxi
mum performance under LMFBR service conditions, could be selected. 

The influence of structure on mechanical properties has been well demonstra
ted in the published literature. For example, in one series of experi
ments, [IJ prestraining of Type 316 austenitic stainless steel, followed by 
a specific heat treatment to produce carbide precipitation, decreased the 
minimum creep rate at temperatures of interest to LMFBR by as much as a fac
tor of 250, and increased creep rupture life by as much as a factor of 25. 

Initially in the cladding development program, a survey was made to deter
mine tubing material property and microstructural variability based on pro
curement of tubing under an existing FFTF specification. This specification 
was used as a starting point. Materials with various fabrication histories 
were procured and evaluated in both the as-fabricated condition and after 
post-fabrication heat treatment. The relations between mechanical proper
ties and structure were investigated. 

It was anticipated that this first phase of the cladding program would cul
minate at the end of FY-1972 with a definition of the most desirable mechani
cal and microstructural properties in austenitic stainless steel, to maxi
mize the strength and ductility of the material under the most limiting 
LMFBR service conditions. 
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3.0 SUMMARY OF PRIOR WORK 

All work related to the present investigations and performed prior to the 
present period has been fully reported in: 

WARD-3791-26 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending September 30, 1968." 

WARD-3791-29 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending December 31, 1968." 

WARD-3791-35 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending March 31, 1969." 

WARD-3791-41 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending June 30, 1969." 

WARD-4135-2 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending September 30, 1969." 

WARD-4135-5 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending December 31, 1969." 

WARD-4135-9 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending March 31, 1970." 

WARD-4134-12 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending June 30, 1970." 

WARD-4135-14 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending September 30, 1970." 

WARD-4210T3-2 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending December 31, 1970." 

WARD-4210T3-4 "Stainless Steel Cladding Development Quarterly Progress 
Report for the Period Ending March 31, 1971." 

WARD-4210T3-5 Combined Topical Report 

I. "Structural Characterization and Biaxial Mechanical Properties of 
Vacuum Melted, Type 316 Stainless Steel Tubing," T. R. Padden, W. E. 
Ray, E. J. Tarby, K. C. Thomas 

II. "Cladding Weldability Study," D. N. Elliott and W. E. Ray 

4.0 SUMMARY OF CURRENT PROGRESS 

Under Task SSDA-210, the major activities were directed to completion of the 
topical report for the Vacuum Melted Steels Task and the continuation of 
Defects Evaluation Task. 
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The following procurements, characterizations, tests, measurements, and 
observations were completed during the report period: 

The final delivery of tubing ordered for the Defects Evaluation Task was 
received and accepted, and the order was closed. 

Preliminary non-destructive eddy current characterization of 12 tubing 
lots, having various finishing steps, was completed and the effects of 
the variables evaluated. 

A total of 12 stress rupture tests in argon and one in air of defected 
and non-defected specimens were completed. The results were compared 
with the stress rupture curve previously obtained for this lot of 
material. 

Three stress rupture specimens which had failed at previously defined 
defects were characterized by rupture morhpology, strain profile, post-
test wall thickness measurements, light microscopy, and scanning electron 
microscopy. A preliminary and tentative evaluation was made of the 
effect of longitudinal defects on rupture life, rupture ductility, local 
wall strain, and rupture morphology. 

Characterization of as-fabricated Cartech tubing was initiated using the 
methods employed in the Vacuum Melted Steels Task. 
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SSDA-210 EVALUATION OF AUSTENITIC STAINLESS STEEL CLADDING 

T. R. Padden, W. E. Ray, E. J. Tarby, and K. C. Thomas 

1.0 OBJECTIVES 

The objective of this task was to characterize in detail, by microstructural 
analysis, chemical analysis, and mechanical property testing, thin-wall 
stainless steel tubing, fabricated under carefully controlled commercial 
practice. This information was to be used for: 

1. Enhancing the understanding of the effect of fabrication processes 
and resulting structure on the properties of thin-wall tubing. 

2. Providing out-of-reactor data required to predict and improve swel
ling behavior and strain limits of cladding in LMFBR environments. 

The objective of a supplementary weldability investigation was to determine 
the effect of the degree of cold working on the weldability of Type 316 
stainless steel tubing. 

2.0 PRIOR WORK 

During the first year (FY-1969), a test program was prepared and initiated 
with air melted, annealed Type 316 stainless steel tubing, 0.300-inch CD at 
three wall thicknesses (0.010, 0.012, and 0.014-inch), and 0.250-inch CD by 
0.016-inch wall. Extensive biaxial burst testing at 850, 1000, 1200, and 
1300°F and chemical and microstructural evaluation of the tubing were per
formed, and biaxial stress rupture testing was initiated. This part of 
the program was completed during the second year and included a thermal 
aging study of several lots of the air melted materials aged for times up 
to 5000 hours. 

The program was extended to include a systematic investigation of vacuum 
melted, Type 316 stainless steel plug drawn tubing. Twelve lots of tubing 
ordered during FY-1969 and received at the beginning of FY-19 70 were exten
sively tested and characterized during FY-1970 and the beginning of FY-1971. 
This tubing included 12 combinations of three vacuum melting practices, two 
grain sizes and the two finished conditions (20 percent cold worked and 
solution annealed). In addition, two lots of planetary swaged tubing were 
procured and included in the test program. 

The characterizations of these tubing lots included light and electron 
microscopy, electron and X-ray diffraction, hardness measurements, chemical 
analysis, electron probe analysis, pole figure studies, and mechanical proper
ty testing. Tubing was tested under biaxial conditions to determine both 
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short-time tensile and the longer-time stress rupture properties. Post-
test specimens were evaluated for rupture morphology, strain profile, 
local wall strain, and microstructural changes. This vacuum melted steels 
study was completed during FY-1971. 

A cladding defects evaluation study currently in progress was also initiated 
during the FY-1971. The work program for this study included eddy current 
and ultrasonic non-destructive testing (NDT) of tubing procured from two sup
pliers and with various finishing procedures, along with statistical evalu
ation of NDT results and limited mechanical property testing. The program 
also included application of previously developed pre- and post-test speci
men characterization procedures to defected and non-defected specimens with 
the objective of evaluating the effects of various types of cladding defects 
on mechanical properties. 

The work completed up to March 31, 1971 under Contract No. AT(30-1)-4210. 
Task 3 has been reported in detail in eleven quarterly progress reports. I--̂ "̂^ 
In addition a combined topical report, I- ̂  summarizing the results and con
clusions of vacuum melted steels study and a supplementary weldability in
vestigation, was issued in July 1971. A paper covering part of this work 
was also presented at the 1970 Winter Meeting of the ANS.'--'-̂ -' 

A thermal aging study conducted on air melted, Type 316 stainless steel 
during the second year of j. this contract is fully covered in quarterly pro
gress report WARD 4135-5. Subsequent, relevant thermal aging studies 
conducted as Westinghouse research programs are covered in Westinghouse re
ports by Weiss, Stickler, and co-workers.t15, 16] ^ related deformation 
study by Stickler and co-workers is covered in another Westinghouse report. 

3.0 CURRENT PROGRESS 

3.1 Procurement and Handling 

A total of 18 lots of tubing were received from Superior Tube Co. during 
FY 1971. The 12 tubing lots listed in Table 1 were 20 percent cold worked. 
Type 316 stainless steel tubing plug drawn to a reduction schedule similar 
to Superior Lot No. 42402, but with different finishing steps. The varia
tions in finishing operations included: pickling and no pickling; polishing 
and no polishing; straightening by various procedures and no straightening. 
The straightening methods included Mackentosh-Hemphill, Whizzy, Medart, 
stretch, and hand straightening. In addition, two NDT acceptance standards 
were specified for the order, one being more stringent than the other. The 
purpose of the two standards was to obtain tubing with two different levels 
of naturally occurring defects and fabricated by the same procedure. 

The remaining six lots of tubing contained experimental planetary swaged 
tubing; these lots had various reduction schedules for the swaging opera
tions. The six lots included annealed, 10, 20, and 30 percent cold worked 
tubing. 
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Table 1. Fabrication Variations of Plug Drawn Tubing 
Procured During FY-1971 

Superior 
Lot No. 

58390 

58391 

58393 

58394 

58395 

58396 

58397 

58398 

58399 

58401 

58402 

58403 

NDT 
Specifications 

A 

B 

(a) 
Not Tested 

A 

A 

A 

A 

(a) 
Not Tested 

B 

A 

Not Tested 

B 

Pickling 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

NO 

NO 

NO 

Polishing 

YES 

YES 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

Straightening 

WHIZZY 

WHIZZY 

HAND 

STRETCH 

MEDART 

MACKENTOSH-
HEMPHILL 

WHIZZY 

NONE 

WHIZZY 

WHIZZY 

NONE 

WHIZZY 

All 12 lots fabricated from Cartech heat 91695, double vacuum melted, 
Type 316 stainless steel by the sequence of tube reducing, rod drawing, 
and plug drawing according to a reduction schedule similar to lot 42402. 

NDT Spec. 

NDT Spec. 

*̂ ^̂ Not UT 

'A' - Tubing showing indications less than the minimum response 
from a standard containing one each, ID and OD longitudi
nal and circumferential EDM notches 1.0 mil deep x 2.0 
mils wide x 30.0 mils long 

•B' - Tubing which failed NDT 
standard containing one 
mils deep x 4.0 mils wid 
hole 6.0 mils diameter x 

tested because of insufficient 

Specification A but passed B 
OD longitudinal EDM notch 1.5 
e X 250 mils long and a radial 
85 percent of wall thickness. 

straightness. 
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3.2 Defects Evaluation Program 

3.2.1 General 

During the latter part of FY-1970 and the early part of FY-1971, non-des
tructive testing equipment was procured and installed, using Westinghouse 
funds. Throughout FY-1971 various modifications and additions were made 
as required. 

As part of the Defects Evaluation Program, this equipment was tested and 
calibrated against standards fabricated at ARD according to a drawing sup
plied by WADCO, l-•'• J and a calibration standard developed at ARD,i-'-̂ -' based 
on WADCO information. Initial eddy current runs, calibrated against a 
12-notch standard, I-•'•° J were made on 10 tubes (130 ft) of Lot 42402 previously 
procured for the Vacuum Melted Steels Program. These runs were used to 
test the equipment and to establish procedures for evaluating tubing which 
had been ordered but not received. 

A series of 90 runs (10 runs/day for 9 days) were then made on the 12-
notch standard to establish the average response and the 95 percent confi
dence limits for each notch in the standard. Using these results as a 
basis, 640 feet of Lot 42402 tubing was then tested and evaluated. When 
the new tubing order was received, the developed procedures and evaluations 
were applied to a total of 805 feet of 20 percent cold worked tubing, repre
senting 12 combinations of finishing steps and ultrasonic acceptance levels. 

A similar sequence of testing and calibration steps was started for the 
ultrasonic test equipment, but the systematic UT test program was hampered 
by equipment failure. This equipment has now been returned to the manu
facturer as not being acceptable. 

Also, a replica procedure was developed for use as the basis of compari
son between microscopy evaluation of naturally occurring internal diameter 
(ID) defects and non-destructive testing. 

Concurrent with the NDT calibration and procedure development, stress rup
ture tests were initiated on intentionally defected specimens and on speci
mens containing handling scratches. The progress of the Defects Evaluation 
Program through March 31, 1971 has been reported in the previous three 
quarterly progress reports for the yeari •'•» ^^* -'•-'•' Included in this final 
report are the recent results, plus those previous results which are 
pertinent to the evaluation of the current data, and a listing of the NDT 
equipment now in use at ARD. This report also contains a summary of the 
stress rupture results from defected specimens and an evaluation of three 
post-stress rupture specimens which had different types of defects. 

3.2.2 Non-Destructive Test Facilities 

The non-destructive test facilities at ARD were procured and put into opera
tion with Westinghouse funds. The equipment consists of the following: 
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EDDY CURRENT UNIT 

One Nortec NDT-1 Eddy Current Tester 

One Tektronix 564-B Storage Oscilloscope 

One Nortec Drive Mechanism 

One Superior 16-B Powerstat Speed Control 

One Brush (6 channel) 260 Strip Chart Recorder 

AIR GAGE UNIT 

Two Federal 232 Amplifiers 

Two Federal Air Electronic Transducers 

One Federal 0.200-inch ID Probe 

One Federal 0.230-inch OD Ring 

One Westinghouse Tube Transport 

One Federal MDR4 Regulator 

One Federal AFL-9 Filter 

One Hankinson Refrigeration Type Drier 

ULTRASONIC UNIT 

1. Flaw Detection: 

Four Nortec 102 Plug-in Modules 
Two Tektronix 127 Preamplifiers 
One Tektronix RM15 Oxcilloscope 
Four Nortec 10 MHz Transducers 
One Brush (6 channel) 260 Strip Chart Recorder 
One Tac-Tic Transport System 

2. Wall Thickness and Eccentricity Unit: 

One Sonics VTR 12 Visual Trace Readout 
One Sonics DTG2R Digital Thickness Gage 
One Sonics TAM-3 Thickness Alarm Module 
One Tektronix R561B Dual Trace Oscilloscope 
One Honeywell 117-06 Preamplifier 
One Honeywell 1508 Visicorder 
One Aerotech 10 MHz Transducer 
One Tac-Tic Transport System 

3.2.3 Evaluation of Faci l i t ies 

3.2.3.1 Eddy Current 

The eddy current equipment is sufficiently sensitive for cladding charac
terization, and together with the standardized adjustment and calibration 
procedures gives reproducible results and appears to be satisfactorily 
stable over long periods of time. 
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Figure 1 is an example of the response obtained from a 12-notch EDM stan
dard. I- •' Figures 2 and 3 illustrate the response obtained from a control 
specimen containing no defects, and from specimen areas containing handling 
scratches identified and located visually with a microscope. Also included 
in these figures are the ultrasonic test responses from these same areas. 
The sizes of standard notches which would give the same magnitudes as the 
responses observed are given for each trace. 

In general, the eddy current equipment is quite sensitive to OD scratches, 
both axial and transverse in orientation. Based on a comparison of eddy 
current response to depth of defect, this test method appeared to be more 
sensitive to scratches than to EDM notches. In general, actual depth of 
the scratch was less than that of an EDM notch which would give the same 
response. The ultrasonic responses to the same scratches indicated suffi
cient sensitivity in three of the four specimens examined but no response 
in the fourth. Additional work and more reliable UT equipment and proce
dures would be required to make a definitive comparison between the two test 
methods. 

3.2.3.2 Ultrasonic Testing 

After numerous difficulties and repairs, the UT equipment appeared to be 
functioning satisfactorily and a number of runs were made. Then a long-
term stability problem was discovered when the 12-notch standard was run 
23 times along with approximately 250 feet of stainless steel tubing (Supe
rior Tube Company Lot #42402). Reduction and subsequent evaluation of 
the 23 ultrasonic traces showed that the notch standard impulse response 
could not be held within the 95 percent confidence limits previously estab
lished for the notch acceptance criteria. Attempts were made to correct the 
difficulties, and finally the four Nortec modules were returned to the 
manufacturer as "not repairable." Ultrasonic testing has been discontinued 
until these problems are resolved. 

3.2.3.3 Wall Thickness and Eccentricity Measurements 

The wall thickness and eccentricity equipment appears to be satisfactory. 
Traces representing approximately 250 feet of tubing (Superior Tube Company 
Lot #42402) were reduced for data analysis subsequent to calibration of 
these units using the source material reference s tandards. I- ̂  J It was found 
that all tubes (23) were within the specified wall thickness tolerance of 
0.015 inch (+0.001 inch). The measured variation was from 0.1460 inch to 
0.01581 inch. Typical examples of the variations within individual tubes 
are given in Table 2. An example of a typical wall thickness trace is 
shown in Figure 4. 

3.3 Non-Destructive Testing 

3.3.1 Eddy Current 

A to ta l of 805 feet of the tubing, purchased for the Defects Evaluation 
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NOTCH ORIENTATION LOCATION DEPTH (mils) 

1 
2 
3 
1̂  

5 
6 
7 
8 
9 
10 
II 
12 

A 
A 
A 
A 
0 
C 
C 
0 
A 
C 
A 
C 

ID 
ID 
OD 
OD 
OD 
OD 
ID 
ID 
OD 
OD 
ID 
ID 

0.5 
1.5 
0.5 
1.5 
1.5 
0.5 
1.5 
0.5 
1.0 
1.0 
1.0 
1.0 

A - AXIAL 

C - CIRCUMFERENTIAL 
OD - OUTSIDE SURFACE 

ID - INSIDE SURFACE 

1. Eddy Current Trace of 12 Notch Standard Type 316 Stainless 
Steel Tubing - Superior Lot 42402 
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SAMPLE l̂ 2l+02-6-2 CONTROL-NO DEFECTS 

^ ^ ^ j ^ ^ ^ g ^ S ^ ^ ^ ^ ^ 

EDDY CURRENT CHART 
NO RESPONSE 

ULTRASONIC CHART 
NO RESPONSE 

SAMPLE 42W2-7-I TRANSVERSE SCRATCH 

EDDY CURRENT CHART 
RESPONSE <0.5 mil 
STANDARD TRANSVERSE 

OD NOTCH 

ULTRASONIC CHART 
RESPONSE <0.5 mil 
STANDARD TRANSVERSE 

OD NOTCH 

Figure 2. NDT Strip Chart Recordings of 20 Percent Cold Worked, Type 316 
Stainless Steel 

4309-2 
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Figure 3. NDT Strip Chart Recordings of 20 Percent Cold Worked, Type 316 
Stainless Steel Containing a Naturally Occurring Longitudinal 
Scratch 
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0.016 

0.015 

o.om 

Figure 4. Typical Wall Thickness Recording for Lot 42402 Type 316 Stainless 
Steel Tubing With 0.015 Inch Wall 

4309-4 
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Table 2. Wall Thickness Variations for Lot 42402, 
Type 316 Stainless Steel Tubing 

Tube No. 

42402-1 

42402-6 

42402-7 

42402-8 

Min. Wall Thickness 
(mils) 

15.06 

14.61 

14.62 

14.60 

Max. Wall Thickness 
(mils) 

17.70 

15.30 

15.30 

15.32 

Program, has been eddy current tested and the results evaluated. All tubing 
was fabricated from Cartech heat No. 91695, double vacuum melted. Type 316 
stainless steel and was plug drawn to a reduction schedule similar to Superio 
Lot No. 42402. The various combinations (12 lots) of pickling, polishing, 
straightening, and NDT acceptance testing are shown in Table 1. 

Surface polishing is the fabrication variable showing the most pronounced 
effect when observed by eddy current testing (Figure 5). Polishing causes 
an eddy current background noise level which is sufficiently high that small-
size defects would be obscured. As a result, the defect levels in the two 
polished lots could not be evaluated by the eddy current tests. 

The difference in background noise level due to the other variables in non-
polished tubing is relatively slight and the absolute level is sufficiently 
low that small defects can be detected. 

The eddy current traces from these 10 lots were measured and the data reduced 
Table 3 lists the lot numbers for these materials, the total number of feet 
tested for each lot, and the eddy current indication frequency per foot in 
three size classes. The table also includes the accumulated frequencies per 
foot for indications greater than 3 chart units in a standardized test and 
greater than 6 chart units, which is twice background. Table 4 ranks these 
tubing lots according to increasing frequency per foot for defect indications 
greater than 6 chart units. The rank based on indications greater than 3 
chart units is included for comparison. Also included in Table 4 is the 
description of the fabrication variables for each lot. 

The combinations of variables showing the lowest indication frequencies are 
the two lots which were Whizzy straightened and passed standard A. The 
Whizzy-straightened materials which failed standard A, but passed standard B 
(UT tests) are lower in rank in the table. The three lots having the highest 
indication frequencies, are the lots which were mechanically straightened by 
the Mackentosh-Hemphill, stretch, and Medart processes. These three lots 
ranked 8, 9, 10 in the table in both size classes in spite of the fact that 
they all had passed the A acceptance test. 

Hand-straightening and no straightening were intermediate in rank. However, 
from a practical view point, hand straightening or no-straightening would 
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LOT 58390 LOT 58398 

POLISHED, PICKLED, 
WHIZZY STRAIGHTENED 

NOT POLISHED, PICKLED, 
NOT STRAIGHTENED 

LOT 58397 LOT 58402 

NOT POLISHED, PICKLED, 
WHIZZY STRAIGHTENED 

HOT POLISHED, HOT PICKLED, 
NOT STRAIGHTENED 

Figure 5. Typical Eddy Current Responses - Various Lots of Tubing 

4309-5 
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Lot 

58390 

58391 

58393 

58394 

58395 

58396 

58397 

58398 

58399 

58401 

58402 

58403 

<^>Not 

("Not 

A Stan 

B Stan 

Table 

Ft. Tested 
Eddy Current 

205(a) 

102(a) 

40 

13 

26 

33 

66 

32 

27 

111 

88 

52 

evaluated by 

tested by Ult 

3. Eddy 

UT 
Acceptance 
Standard 

Eddy 

A 

B 

(b) 

A 

A 

A 

A 

(b) 

B 

A 

(b) 

B 

Current b 

Current 
of V 

Defect 
arious 

Indication Frequency Evaluation 
Tubing Lots 

Eddy Current Indications/ft 
for Indicated Size Ranges 
in Standard Chart Units 
3-6 

— 

— 

0.60 

0.92 

1.07 

1.12 

0.99 

1.09 

0.96 

0.86 

0.74 

1.02 

ecause c 

6-9 

— 

— 

0.40 

0.77 

0.81 

0.58 

0.21 

0.16 

0.67 

0.30 

0.51 

0.27 

9-15 

— 

— 

0.18 

0.15 

0.08 

0.15 

0.12 

0.12 

0.15 

0.10 

0.10 

0.19 

>15 

— 

— 

0.15 

0.08 

0.19 

0.15 

0.03 

0.22 

0.04 

0.04 

0.12 

0.08 

Accumulated 
Frequency 

>3 Chart Units 

— 

— 

1.33 

1.92 

2.15 

2.00 

1.35 

1.59 

1.78 

1.30 

1.58 

1.56 

)f high background noise 

.rasonics because of insufficient straightness 

dard - Longitudina. 
0.030-inch 

dard - Longitudina 
0.0015-inch 
85% of wall 

L and circumferential ID 
-ong, 0.002-inch wide anc 

L notch 0. 
deep plus 
in depth 

250-inch long, 
radial hole 0. 
(0.0015-inch) 

and OD 
I 0.001 

notches 
-inch de ep. 

0.004-inch wide and 
006-inch diameter x 

Accumulated 
Frequency 

>6 Chart Units 

— 

— 

0.73 

1.00 

1.08 

0.88 

0.36 

0.50 

0.82 

0.44 

0.74 

0.54 



Table 4. 

Lot 

58397 

58A01 

5839 8 

58403 

58393 

58402 

58399 

58396 

58394 

58395 

^^^Not 

UT 

Ranking of Various Tubing Lots According to Inc reas ing 
Eddy Current 

Acceptance 
Standard 

A 

A 

( a ) 

B 

( a ) 

( a ) 

B 

A 

A 

A 

t e s t e d by 

P i ck l ed 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Eddy Current 

Po 

Defect 

l i s h e d 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

because of 

. I n d i c a t i o n Frequencies 

S t r a i g h t e n e d 
Rank 

F o r 
>6 Chart Uni t s 

Whizzy 1 

Whizzy 2 

None 3 

Whizzy 4 

Hand 5 

None 6 

Wh i z zy 7 

Mackentosh _ 
Hemphil l 

S t r e t c h 9 

Medart 10 

i n s u f f i c i e n t s t r a i g h t n e s s 

>3 

Rank 
F o r 

Chart Uni ts 

3 

1 

6 

4 

2 

5 

7 

9 

8 

10 

have to be eliminated from consideration for cladding specifications since 
the tubing produced by these methods is not sufficiently straight for the 
application. There appears to be no strong correlation of defect frequency 
with pickling. For two pairs of pickled and non-pickled lots the pickled 
material ranked higher in the table, but for a third pair it ranked lower. 

Considering the table as a whole: 

1. Whizzy straightening is the best straightening process from an eddy 
current viewpoint. 

2. Pickling appears to have little effect. 

3. Pre-selection of the tubing by ultrasonic testing to the more restric
tive specification (standard A) reduces the observed eddy current 
defect indication frequency relative to material tested to the B 
standard. 

3.3.2 Discussion of Eddy Current Testing Relative to Ultrasonic Testing 

Although there is correlation between results from eddy current testing and 
ultrasonic testing, there are several pieces of experimental evidence which 
indicate that eddy current and ultrasonic testing can not be used interchange
ably to measure defects frequencies. The surface polished tubing from this 
set of materials (lots 58390 and 58391) could not be evaluated by eddy cur
rent testing because of the high background noise. This general noise level 
was about 12 chart units in a standardized test and corresponded to the eddy 
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current response level which would be obtained from a 1-mil-deep EDM notch in 
an unpolished tube. The ultrasonic tests gave quite different results. Lot 
58390 gave UT indications lower than the A standard which contained both ID 
and OD notches one-mil deep. Lot 48391 similarly passed UT, calibrated 
against the B standard which contained a 1.5-mil notch. The UT charts sup
plied with the tubing showed that UT background noise levels for these two 
polished lots were similar to those from comparable non-polished lots in 
the series. No effect of polishing was observed. 

With respect to detecting scratches (Figures 2 and 3), eddy current and ultra
sonic testing gave comparable responses to some scratches and not to others. 

3.4 Stress Rupture Testing - Defected Specimens 

Nine defected specimens and two non-defected control specimens from the 20 
percent cold worked lot (42402) were stress rupture tested in argon and one 
defected specimen was tested in air. In addition, one non-defected, annealed 
specimen from lot 42403 was tested in argon. Some of the defects in these 
specimens were natural defects, others were EDM notches of various sizes. 
All tests were conducted at 1300°F (nominal) and 23,000 psi (nominal) hoop 
stress. 

The stress rupture data are listed in Tables 5 and 6 along with the defect 
type, defect size, and location for each specimen. 

The three possible direct results expected from stress rupture testing de
fected specimens were observed in this series of tests. 

1. The specimen fails at the defect and there is significant reduction 
in rupture life. 

This is illustrated by Specimens 10-7 and 10-9. 

2. The specimen fails at the defect and there is no reduction in rup
ture life. In this case the defect appears to cause a slight pre
ference for rupture to occur at that particular location. 

This case is illustrated by Specimen 1-1. 

3. The specimen fails away from the defect, and therefore, the defect 
has no effect on the rupture life of that specimen. 

This case is illustrated by the seven other defected specimens in 
Table 5 and the one specimen in Table 6. 

The rupture times for the twelve lot 42402 specimens were normalized to 
1300°F using the m-factor of the Chitty-Duval parameter, I-̂•' and are plotted 
in Figure 6. For comparison, both the average stress rupture line for lot 
42402 that was obtained previously as part of the Vacuum Melted Steels 
Program^'^J and the minimum and maximum limits in the rupture time which would 
be expected from variations in wall thickness of + 1 mil (the wall thickness 
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Sample 

42402-10-2 

42402 -10 -4 

42402-10 -5 

42402-10 -6 

42402-10-7^3) 

42402-10-9^"^^ 

4 2 4 0 2 - 1 - 1 ^ ' ' ^ 

42402 -6 -1 

42402-6 -2 

42402-7 -1 

42402-8 -1 

42403-00-1 

Sample 

42402-10-2 

42402-10-4 

42402-10 -5 

42402-10-6 

42402-10-7^3^ 

42402-10-9^"*^ 

42402-1-1^3) 

4 2 4 0 2 - 6 - 1 

42402-6-2 

4 2 4 0 2 - 7 - 1 

4 2 4 0 2 - 8 - 1 

42403 -00 -1 

CW - Cold 

ANN - Ann 

Table 5. Biaxial Stress Rupture Data for Type 316 
Stainless Steel Tubing Tested in Argon 

M a t e r i a l 
C o n d i t i o n 

Wal l 
Dimension ( i n . ) 

Nom. 
Temp ( 

IVCEV-20%CW-FG 0 . 0 1 5 1300 

1 
I \ ( T 

IVCEV-ANN-FG 0 . 0 1 5 1300 

De fec t Type & l o c a t i o n Length ( i n . ) 

EDM - I - OD 0 0 30 2 

EDM - 1 - ID 0 . 0 3 0 2 

EDM - L - ID 0 . 0 3 0 3 

EDM - L - OD 0 . 2 4 0 

EDM - L - OD 0 .240 

EDM - L - ID 0 .240 

NAT - L - OD 5 .25 

NAT - L - OD 1.25 

C o n t r o l sample no d e f e c t -

NAT - C - OD S p i r a l 

NAT - L - OD 0 . 1 8 7 5 

C o n t r o l sample no d e f e c t 

Worked ID - I 

°F) 
T e s t 

Temp (°F) 

1303 

1298 

1302 

1305 

1302 

1305 

1308 

1308 

1303 

1296 

1301 

1300 

Width ( i n . ) 

0 . 0 0 2 2 

0 . 0 0 2 1 

0 . 0 0 2 1 

0 .0022 

0 .0022 

0 . 0 0 2 3 

-
-
-
-
-
-

S t r e s s 
( k s i ) 

R u p t u r e 
Time ( h r ) 

Ru p t u r e 
Type 

23 305 .5 P i n h o l e 

23 3 2 8 . 1 S p l i t 

23 319.0 P i n h o l e 

23 159 .0 S p i l l 

23 148 .7 S p l i t 

23 140 .3 P i n h o l e 

23 2 1 8 . 5 S p l i t 

23 171 0 S p l i t 

23 458 .0 S p l i t 

23 226 .0 P i n h o l e 

23 169 .5 P i n h o l e 

23 15 5 P i e c e s 

Depth ( i n . ) 

n s i d e D i a m e t e r 

s a l e d C - C i r c u m f e r e n t i a l 

IVCEV - Consumable + OD - O u t s i d e Diamete r 
I 

L - Longi 

EDM - E le 
Mad 

NAT - Nat 

FG - F i n e 

i d u c t i o n Vacuum Mel t 

t u d i n a l 

: t r o - D i s c h a r g e 
l i n i n g 

(^^Des 

4240 

n n ^240 j r a l l y O c c u r r i n g 
-, , 4240 G r a i n 

t r u c t i v e l > E 

2 - 1 0 - 7 R e f e r 

2 -10 -9 Re fe r 

2 - 1 - 1 R e f e r 

v a l 

t o 

t o 

t o 

F a i l u r e a t De fec t 

0 .00105 no 

0 .0010 no 

0 . 0 0 1 5 5 no 

0 .00054 no 

0 .00108 yes 

0 00160 yes 

0 . 0 0 0 1 yes 

0 .0001 no 

-
0 . 0 0 0 1 no 

0 . 0 0 0 1 no 

-

j a t e d A f t e r T e s t 

as spec imen A 

as spec imen B 

a s spec imen C 
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Table 6. Biaxial Stress Rupture 
Stainless Steel Tubing 

Sample 
Material 
Condition 

Wall 
Dimension 

(in) 

Nom. 
Temp. 
CF) 

42402-10-1 IVCEV-20%CW-FG 0.015 1300 

Sample contains an electrodischarge machined 
long X 0.0021" wide x 0.00058" deep - sample 

Data for Type 316 
Tested in Air 

Test 
Temp. 
(°F) 

Stress 
(ksi) 

Rupture 
Time 
(hr) 

1304 23 198.5 

longitudinal OD notch, 0 
failed away from notch. 

Rupture 
Type 

Split 

.0301" 

tolerance in the specification for this lot) are included in Figure 6. These 
rupture time limits were the times taken from the average curve using the 
hoop stresses which would exist in 14 and 16-mil wall tubing having the 
same internal gas pressure as 15-mil tubing at 23,000 psi hoop stress. 

Of the four specimens (1-1, 6-1, 7-1 and 8-1) which contained naturally 
occuring handling scratches (all 0.1 mil deep or less), only one specimen 
(1-1) failed at the defect. It had a longitudinal OD scratch and showed no 
significant reduction in rupture life. The other three specimens in this 
group also ruptured within the maximum and minimum time limits due to pos
sible wall thickness variations. 

Specimen 6-2 was a control sample which was carefully selected to be defect 
free by eddy current, ultrasonic, and visual inspection. It showed a slightly 
longer than expected rupture life. In this case, wall thickness variations 
allowed by the specification alone would not account for the increased stress 
rupture life of this specimen. 

Specimens 10-4, 10-5, 10-9, 10-2, 10-6, and 10-7 contained EDM notches. Only 
samples 10-7 and 10-9 failed at the defect site, and both showed a reduction 
in stress rupture life; the samples which broke away from the defect showed 
no significant reduction of stress rupture life. Specimens 10-7 and 10-9 
contained EDM notches 240 mils long, corresponding to 16 times the nominal 
wall thickness. Specimen 10-7 had a longitudinal OD notch 1.1 mils deep, 
and specimen 10-9 had a longitudinal ID notch 1.6 mils deep. In both cases 
the local wall thickness reduction due to the notch depth was sufficient to 
account for the reduced stress rupture life, even assuming that the wall in 
the vicinity of the notch had been a full 15-mils-thick prior to test. 

The specimens which failed away from the defects contained EDM notches just 
as deep or deeper than the two specimens which failed at the notches; however, 
the notches in these specimens were only 30 mils long (i.e., two times the 
wall thickness). 

For long EDM notches (240 mils) there also appears to be a depth effect in 
addition to the apparent length effect. The specimen with a longitudinal 
0.5-mil-deep OD notch failed away from the defect; however, a specimen with 
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12102-10-6 

12102-10-7 

12102-10-1 

1 

TESTED IN AIR - 1300 + 8°F DATA NORMALIZED TO 

TESTED 

TESTED 

TESTED 

TESTED 

TESTED 

TESTED 
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IN 

IN 

IN 

IN 
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Figure 6. 

4309-6 

Biaxial Stress Rupture Results for 0.015 in. Wall, Type 316 Stain
less Steel Tubing at 1300°F 
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a notch 1.1 mils deep failed at the defect and had a reduced rupture life. 
The specimen with a 240-mil-long ID longitudinal notch 1.5 mils deep also 
failed at the notch and showed reduced rupture life. 

The apparent length effect of EDM notches is tentatively interpreted as 
follows: at each end of a longitudinal notch there is a change in the lo
cal hoop stress resulting from the change in the local wall thickness; this 
change in stress level is not abrupt, however, since the tubing just out
side the end of the notch tends to support the wall just inside the notch; 
and there is a smearing of both the stress and the strain at the end of the 
notch. Since smearing extends over some distance from the end of the notch 
toward its center, there should be some critical length for narrow longitudi
nal notches where the end effects from both ends overlap and the notch effect 
is minimized. For specimens tested under these conditions, that critical 
length appears to be between 2 times and 16 times the wall thickness. 

3.5 Post-Stress Rupture Specimen Characterization 

The three specimens footnoted as A, B, and C in Table 5 were evaluated after 
test using the characterization methods previously described in the topical 
report for Vacuum Melted Steels Program. i-̂J All three specimens were fabri
cated from the same double vacuum melted, fine grained, 20 percent cold 
worked tubing (Lot 42402), and tested to rupture at 1300''F nominal and 
23,000 psi hoop stress. 

Figure 7 illustrates the rupture morphologies of these three specimens which 
had different kinds of pretest defects. Specimen A failed with a split-type 
rupture initiating at an intentional OD longitudinal electro-discharge machined 
(EDM) notch (240 mils long x 2.2 mils wide x 1.1 mils deep). The discolora
tion pattern due to oxidation on the rupture surface indicated that longi
tudinal cracks had formed which penetrated only part way through the wall 
but extended over the whole length of the EDM notch before final loss of the 
gas pressure occurred, and that the gaping split was the final step. Stereo 
examination of the split showed that the rupture surface was markedly tilted 
with respect to the hoop direction and that the direction of the tilt changed 
in several areas along the length of the rupture. 

Specimen B failed with a pin hole rupture initiating at an intentional ID 
longitudinal EDM notch (240 mils long x 2.3 mils wide x 1.6 mils deep). The 
OD surface of the tube showed only a depressed flat area and a few very fine 
cracks. The width of the depressed area, on the OD surface, over the 2.3-
mil wide ID notch was about 30 mils wide and about 240 to 250 mils long. 

Specimen C failed at an OD handling scratch in preference to an OD longitudi
nal EDM notch (30 mils long x 2.2 mils wide x 1 mil deep), located 1-1/2 inches 
from the failure site. This rupture consisted of a crack-type separation, 
200 mils long, which initiated at the OD surface. 

Figure 8 illustrates the strain profile curves for the three specimens. Both 
A and B failed with reduced rupture life and lower shoulder ductility (AD/D 
measured adjacent to the rupture) than Specimen C, which reached full term 
rupture life before failure. 
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(a) CONTAINED EDM INTENTIONAL OD-L NOTCH 
240 X 2.2 X I.I iTiMs DEEP 
RUPTURED WITH SPLIT AT NOTCH 
T^ = m g hr, 23,000 psi, I302°F 

I OX 

( b ) CONTAINED EDM INTENTIONAL ID-L NOTCH 

2i|0 X 2 .3 X 1.6 mi ls DEEP 

RUPTURED WITH PINHOLE AT NOTCH 

T|, = I W h r , 23,000 p s i , I305°F 

I OX 

(c) CONTAINED LONGITUDINAL CD HANDLING 
SCRATCH AND EDM INTENTIONAL OD-L 
NOTCH, 30 X 2.2 X 1.0 mils DEEP 
RUPTURED AT SCRATCH WITH LONGITUDINAL 
CRACK, Tn 

I OX 

305 hr , 23 ,000 p s i , I303°F 

Figure?. Rupture Morphologies of Defected Stress Rupture Specimens 

4309-? 
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(a) SPLIT AT OD-L NOTCH, 2W x 2.2 x I mils DEEP 

•A ' TT 

(b ) CRACK AT ID-L NOTCH, 2i|0 x 2 . 2 x 1.6 m i l s DEEP 

< 2 

SPECIMEN C 

Tp = 306 hr 

I 
I 2 3 i| 5 

SPECIMEN LENGTH (in.) 

(c) CRACK AT HANDLING SCRATCH NOT AT OD-L NOTCH, 
30 X 2 X 1.6 mils DEEP 

|f PINHOLE RUPTURE 

XSPLIT 

I LOCATION OF SECTIONS MEASURED 
^FOR WALL THICKNESS VARIATION 

Figure 8. Strain Profile Plots - Type 316 Stainless Steel Tubing Tested to 
Rupture at 23,000 psi Hoop Stress at 1300°F in Argon 

4309-8 
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Figure 9 illustrates the local wall thickness reduction (At/t̂ ,) around the 
tube circumference at the transverse planes indicated in Figure 8. These 
local wall strain curves based on the nominal pretest wall thickness and 
post-test wall measurements indicate that both the ruptured and non-ruptured 
sections of all three specimens had non-uniform wall strain during test. 
Based on results presented previously'- ^ the most probable cause for the 
non-uniform strain is local wall thickness variations in the pretest tubing. 

Specimens A and B were cut from the same tube and all four sections from 
these two specimens have the same relative angular orientation as plotted 
in Figure 9. The curve shapes indicate that, prior to test, this tube had 
a thin side and a thick side (i.e., longitudinally aligned eccentricity), 
and that the EDM notches had been placed in the thick side in each case. 

The At/to curve for specimen B is of particular interest since it exhibits 
pronounced local wall strain in the immediate vicinity of the rupture and 
low wall strain a short distance away. Specimen C shows high local wall 
strain on one side of the rupture but not on the other. Specimen A was 
only measured 3/4-around the circumference. A piece of this specimen was 
removed, before mounting, for other purposes. 

Figure 10 shows the microstructures of the rupture edge of specimen A in the 
transverse plane indicated in the insert. Several features of this rupture 
are apparent. The tilt angle of the rupture edge, viewed in cross-section, 
is approximately 35 degrees relative to the hoop direction of the tube. The 
cross-section of about half of the EDM notch can be seen in the upper left 
of this rupture surface. The dark line extending from the OD down about 0.8 
of the rupture surface is the oxide film previously described. The structure 
in the vicinity of the rupture shows a fairly high concentration of grain 
boundary cavities, particularly near the OD, and there is considerable grain 
distortion near the ID edge. The rupture surface near the ID edge probably 
failed rapidly as the final split occurred. 

The scanning electron micrographs in Figure 11 illustrate several other 
significant features of this rupture not previously described. Figure lib 
and c shows the ends of the split and the outline of the original EDM notch. 
The OD crack which initiated the rupture was formed entirely within the 2.2-
mil width of the EDM notch, and the length of the final split was generally 
confined to the 240-mil length of the notch. High magnification scanning 
electron micrographs of numerous areas of the split edge revealed mostly 
dimple-ductile-type rupture surface morphology as illustrated by the scan 
shown in Figure lie, but occasionally, areas were observed which appeared 
to contain the grain boundary cavities observed in polished sections; Figure 
lid is an example of this. 

In spite of extensive examination at 5 transverse locations through the notch 
of specimen B, no continuous rupture through the wall of this specimen was 
observed. Apparantly, it failed by leaking the internal pressurizing gas 
through inter connected grain boundary cavities. 

Several transverse planes through the ID notch of specimen B (Figure 12) 
illustrate a number of significant rupture features of this specimen. 
Figure 12a is a transverse section through the ID notch showing a shearing 
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NOTCH SIZE 

AT 500X 

(a)' 
J l ^ * ' <:?V»/a^^-V*!/,' 

(c) 

(a) CROSS SECTION OF RUPTURE EDGE (90X) 
(b) MACROGRAPH SHOWING TRANSVERSE PLANE EXAMINED (lOX) 
(c) HIGHER MAGNIFICATION MICROGRAPH OF RUPTURE EDGE (i450X) 
1 SPECIMEN PLANE 

Figure 10. Rupture Area of Specimen "A" 
4309-10 
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(a) I60X 

(a,b) TERMINI OF SPLIT, SHOWING OUTLINE 
OF EDM NOTCH PLACED IN SPECIMEN 
PRIOR TO TEST 

(c) MACROGRAPH OF RUPTURE 

(d) GRAIN BOUNDARY CAVITY AREA 

(e) DIMPLE-DUCTILE-TYPE RUPTURE 

X LM SECTION 

(d) 2000X 

Figure 11. Scanning Electron Micrographs 
of Specimen "A" Rupture 
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(a) TRANSVERSE SECTION THROUGH ID NOTCH (lOOX) 
(b) TRANSVERSE SECTION THROUGH ID NOTCH 10 TO 15 mils 

DEEPER THAN NOTCH (a) (lOOX) 
(c) LOWER MAGNIFICATION OF PLANE SHOWN IN (b) ILLUSTRATING 

THE HIGH LOCAL WALL STRAIN (50X) 
(d) MAGNIFICATION OF 45 DEGREE SHEAR ZONE SHOWN IN (a) (500X) 

(d) 

(b) 

Figure 12. Rupture Area of Specimen "B" 
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mode of failure along a plane approximately 45 degrees to the hoop direc
tion. Figure 12b is a higher magnification micrograph of this shear zone 
showing the intergranular cavities resulting from grain boundary sliding. 
Figure 12c is also a transverse section through the ID notch, but 10 to 15 
mils deeper into the specimen than a. At this cross section, the shear 
zones are apparent in both the 45 degree directions, relative to the hoop 
direction. Figure 12d is a lower magnification of the plane shown in c. 
This micrograph illustrates the high local wall strain in a triangular wedge 
of the tube wall having a 90-degree apex adjacent to the notch, and the de
pressed flat area opposite the notch. 

The structure (Figure 13) of the transverse plane through the rupture of 
specimen C pictorially shows the high local wall strain on the one side of 
the rupture, and relatively low strain on the other (described graphically 
in Figure 9c). The right side appears to have pulled away from the left. 
The tilted rupture edge of the left side of this specimen is also, on the 
average, about 35 degrees to the hoop direction as in specimen A but not as 
uniform as in either specimen A or B. Specimen C also contains a much higher 
frequency of grain boundary cavities than either A or B, but this is to be 
expected since it reached full term rupture life whereas both A and B failed 
prematurely. 

3.6 Post-Test Evaluation 

Considering the results from specimens A and B together, it appears that the 
effect of long axially oriented EDM notch-type defects is as follows: 

When the notch is sufficiently long and deep that its end effects are insuf
ficient to overcome the local wall thickness reduction, the local hoop stress 
at the notch increases significantly, and the specimen fails at the notch with 
reduced rupture life. There is also a reduction in shoulder ductility (AD/D), 
relative to a non-defected specimen run under the same nominal test conditions, 
because the areas of the defected tube remote from the rupture experience 
the same hoop stress and thus the same creep rate as a non-defected specimen, 
but for a shorter time. 

There is also a secondary notch influence on the rupture, resulting from 
the asymmetry of the wall shape in the cross sectional plane. Initially, 
the cross section of the wall appears as is schematically shown in Figure 14a, 
but apparently the stress distribution is such that the wall tends to assume 
a shape similar to 14b. This, combined with the resolution of the hoop stress 
into zones of high shear stress oriented 35 to 45 degrees to the hoop direc
tion, produces a configuration similar to 14c. In the presence of the notch 
and in the absence of other local perturbations, both 45 degree directions 
are equally probable, and the result is a wall configuration which is symetri-
cal about a radial plane going through the notch, with two high shear zones 
originating at the notch. 

Because of the high shear strain along those zones, grain boundary cavities 
are formed. This further weakens the structure in these locations. As a 
result, a local wedge-shaped area of the wall with the apex at the notch 
experiences high strain both along the shear direction and in the hoop 
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Figure 13. Rupture Area of Specimen "C 
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Figure 14 Schematic Interpretation of Rupture Sequence in Notched 
Specimens 
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direction. This permits the wall surface opposite the notch to become de
pressed and thus tend to balance the stresses. 

The depressed surface opposite the notch, bounded by the ends of the shear 
zones, is considerably larger than the notch size. For a specimen with a 
15-mil wall and 45 degree shear zones, the depressed area on the surface 
opposite the notch should be about 30 mils wide. When such a specimen fails, 
it may rupture along one or the other of the shear zones or alternate between 
them along the length of the rupture, as was observed in specimen A. 

The rupture area of specimen B appears to be a fortuitous situation where 
the stresses in both 45 degree shear directions are about equally balanced. 
In addition, failure of this specimen without splitting also permitted a 
good cross sectional view of the mode of failure. The width of the depressed 
surface on a macrograph of this specimen (Figure 7b) is about 30 mils wide 
and corresponds to the width of the depressed surface in the cross sectional 
micrograph (Figure 12d). 

There are two major differences between specimens A and B other than the 
location of the notch (on the ID in the one case and the CD in the other): 
In specimen B (which had the ID notch), the shear zones were about 45 degrees 
to the hoop direction, and in specimen A (with an OD notch), the shear zones 
were about 35 degrees. The second difference is that A ruptured with a split 
alternating between the two shear zones along the length of the rupture, and 
B failed with a pin hole rupture of interconnected cavities. The split in A, 
however, is probably a slightly more extreme case of the same sequence of 
failure which occured in B. 

It appears that the observed differences in rupture morphology between speci
mens with relatively deep (1 to 1.5 mil) longitudinal notches and specimens 
with shallow scratches (0.1 mil deep) or no visible defects are the result 
of the initially greater unbalance in stress distribution which exists in 
the notched specimens. In the unnotched specimens, there is the same tendency 
to form shear zones and rupture along directions 35 to 45 degrees to the hoop 
direction, but these zones are not so well defined as exemplified by Figure 
13. 

Based on our preliminary evaluation of a limited number of defected specimens, 
a tentative hypotheses are: 

1. Type 316 stainless steel tubing is not notch sensitive. At least 
most of the reduction in rupture life and ductility can be accounted 
for simply by the reduction in wall thickness due to the notch. 

2. There is probably a critical length of longitudinal notches as well 
as critical notch depth to cause significant reduction in rupture 
life. For longitudinal EDM notches the critical length is probably 
between 2 to 16 times the wall thickness (30 and 240 mils), and for 
long axial oriented notches the critical depth is probably between 
0.5 mil and 1.1 mils. 
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3. Notches can influence the rupture morphology as well as the rupture 
life and the shoulder ductility. 

3.7 Characterization of Carpenter Technology Tubing 

Work in progress included the detailed characterization of annealed and 20 
percent cold worked Cartech tubing. Table 7 summarizes the preliminary 
results, and Figure 15 illustrates some of the observations from the cold 
worked lot. 

The results obtained for hardness, surface morphology, grain size, trans
mission microstructure (38-157 only), and inclusion identification by 
electron and X-ray diffraction were generally similar to those previously 
obtained for Superior Tube Company material. There were two slight dif
ferences. The OD surface morphology of the Cartech tubing showed no evi
dence of surface polishing as would be expected from the specification. The 
previously characterized Superior tubing, (lots 42402 and 42403) showed cir
cumferential marks which together with the fabrication history were inter
preted as the result of surface polished prior to the last draw. The speci
mens of Cartech tubing examined also showed a greater grain size variation 
than comparable Superior materials. There was insufficient time during the 
report period to evaluate this observation quantitatively. 

Table 7. Car •penter 

Tube Identification 

Condition 

Hardness 

Grain Size 

Inclusions 

Inclusion 
Identification 

ID and OD Surface 
Morphology 

Transmission 
Structure 

Technology Tubing - Prel 

Tube 38-157 
117210 Item 1 

20% Cold Worked 

273 DPH (500 gm) 

ASTM 9-10 

Continuous and 
discontinuous thin 
stingers plus iso
lated particles 

X-ray diffraction 
No results 
Selected area 
diffraction indicates 
SiO^ and M^^C^ 

Shows grain structure 
no grinding marks 

Heavily dislocated 
structure 

iminary Characterizations 

Tube 33-099 
117210 Item 2 

Annealed 

143 DPH (300 gm) 

ASTM 9-10 

Same 

X-ray diffraction 

^23^6 
Selected area 
diffraction indicates 

^23^6 

Same 

No results 
Specimen appeared to 
be damaged in prepa
ration 
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