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FOREWORD 

The Nuclear Aerospace Research Facility (NARF) of General 

Dynamics/Fort Worth Is conducting a series of tests on NERVA 

components and materials for the Space Nuclear Propulsion Office, 

Cleveland, Ohio (SNPO-C).    Previous tests have been performed 

under Contracts AF33(657)-7201 and AF29(60l)-6213 and are reported 

In GD/PW Reports FZK-170, Vols. 1 through 8, and FZK-184, Vols. 

1 through 6,  respectively.    The test reported In this document 

(FZK-263-I) was sponsored by Aerojet-General Corporation and 

Involved the Irradiation of various metals In liquid hydrogen. 

A companion test sponsored by Westlnghouse Astronuclear 

Laboratory Involved the Irradiation of metallic and graphite 

materials In liquid nitrogen and Is reported In FZK-263-2. 

Both tests were performed In the QTR Radiation Effects Testing 

Facility of NARF under Supplemental Agreement 2, Contract AP29(60l)- 

6643, and are designated GTR Test 16. 
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SUMMARY 

\ 
The test described In this report was designed to determine 

the combined effects of nuclear radiation and liquid-hydrogen 

temperatures on the tensile and shear properties of specific 

metals considered for structural applications In the NERVA pro- 

pulsion system.    Specimens of the materials were mounted In AOC 

cryogenic materials pulling assemblies,  submerged In liquid 

hydrogen, and Irradiated for close to 200 hr.    While still In 

liquid hydrogen,  the specimens were pulled In tension or shear 

until fracture occurred.    After the radioactivity had decayed 

sufficiently, the specimens were removed and measured for elonga- 

tion and reduction In cross  section.    Selected specimens were 

then subjected to x-ray diffraction and metallographlc studies, d^-- 

Two Irradiations were required;  both were terminated before 

the scheduled 200 hr because of suspected hydrogen leaks.    Two 

assemblies were used In the first Irradiation  (190 hr) and one In 

the second Irradiation  (178 hr). 

Analysis of the neutron monitoring foils exposed during the 

Irradiations Indicates that a typical neutron flux above 1.0 Mev 

was 2.44 x 10^ n/cm2-sec-watt,  or 5 x lO1^ n/cm2 Integrated flux. 

Integrated fast- and thermal-neutron flux profiles giving the 

exposure at various specimen positions are Included In the body of 

the report. 

Prom a statistical analysis of the stress-strain data.  It was 

found that a radlatlon-effect threshold was obtained.    Definite 

trends of decreased elongation and Increased yield strength were 
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noted.    Some variation In ultimate tensile strength and shear 

strength was also noted.    No significant change was encountered 

In the analysis of the notched-tensile-specimen data.    On the 

opposite page Is a table showing the percentage changes for shear 

and unnotohed tensile specimens. 
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Summary of Mechanical Property Results 

l 

Material 
Specimen 

Type 
1    Percent Change In Mechanical Properties       | 
I  Ultimate 
|Elorgatlon 

lUlt. Tensile 1 
j     Strength 

Yield 
Strength 

Shear     | 
Strength | 

Al A35^-T6 
Al A35^-T6 

LU 
S 

-30.5 1       +18.0** +38.1** 
- 9.5*» 

Al 6061-T6 
Al 6061-T6 
Al 6061-T6 
Al 6061-T6 
Al 6061-T6 

Al 7075-T6 
Al 7075-T6 

!     LU 
j     LWU 

TWU 
LWU* 
TWU* 
S 

LU 
S 

+ 4.4 
+18.7 

-71.8** 
+ 0.4 

-17.6** 

+ 6.0 
- 3.2 
+ 6.4 
-28.3** 
-16.6** 

+ 2.7 

+18.3** 
- 7.6 
+21.5** 
+ 0.3 
-11.0 

+ 5.2 
1  -15.7*» 

SS 347 
SS 347 
ss 347c 

LWU 
S 

LU 

+ 6.5 

" 7-Y 

+ 2.4 

- 2.0 

-35.1** 

- 3.4 
- 1.4 

SS A-286 
SS A-286 

LU 
S 

-14.9** - 1.0 + 0.8 
- 6.7 

Inconel X-75C 
Inconel X-75C 

)    LU 
)      S 

-11.8** -10.0 + 8.1 
+ 6.0** 

Inconel 713C LU -I8.3 +19.0** +23.3*» 

Tl A-llO-AT 
Tl A-llO-AT  i 
Tl A-llO-AT 

TU 
TWU         t 

S 

+ 4.0 
-19.7       ! 

+ 4.0 
+ 1.0 

+ 2.8 
+ 2.8 

+ 9.1 

Hastelloy C 
Hastelloy C 
D-979 

LU 
S 
s 

1 

- 0.2 + 0.5 
-14.8** 
+10.2 

L - Tensile specimens pulled longi- 
tudinal to the rolling direction 

T - Tensile specimens pulled trans- 
verse to the rolling direction 

U - Unnotched specimens 

W - Welded specimens 

S 

* 

- Shear specimens 

- Specimens tested in 
the "as welded" 
condition 

«« _ The percent change 
shown Is statistically 
significant 
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I.     INTRODUCTION 

OTR Test 16 Is part of a series of tests being conducted 

at the Nuclear Aerospace Research Facility (NARP) of General 

Dynamics/Port Worth for the Space Nuclear Propulsion Office 

at Cleveland, Ohio (SNPO-C).    The purpose of these tests Is 

to determine the effects that a llquld-hydrogen and/or nuclear- 

radiation environment will have on the components and materials 

proposed for use In the NERVA engine.    The Aerojet-General 

Corporation (AGO) has prime responsibility for development of 

the NERVA engine;  the nuclear reactor In the engine Is being 

developed by Westlnghouse Astronuclear Laboratory (WANL). 

Previous tests In the series and the results of these tests 

are given In Reference 1 and 2.    GTR Test 16 Is documented 

In two volumes:    Volume 1,  reporting on the Irradiation and 

testing at LH2 temperatures of tensile and shear metallic 

specimens supplied by AGC;  and Volume 2, reporting on the 

Irradiation at I2I2 temperatures of materials and components 

supplied by WANL (Ref.  3). 

The AGC test, as set forth In the AGC specifications (Ref. 

4),  consisted of three parts:    37/A002,  37/A003,  and 37/A004. 

The latter, a thermal-conductivity test of metallic specimens 

at LHg temperatures, was cancelled during prelrradlatlon control 

testing because of malfunctions In the test apparatus.    The other 

two specified:  (1) the Irradiation of metallic tensile and shear 

specimens for approximately 200 hr at LH« temperatures,  (2) the 

subsequent testing (pulling In tension or shear until fracture 



occurs) of the specimens while still In LH ,  (3) measurement In 

the Isborstory of elongucion snd percent reduction In cross- 

section, end (4) x-ray diffraction and metallographlc studies. 

A list of the materials tested Is given at the beginning of 

Section II.    This Is followed by a description of the specimen 

loading arrangement,  the Irradiation and testing procedures, and 

the equipment and instrumentation.    In Section III is a statistical 

analysis of the mechanical property data;  a discussion of the 

methods used for correlating and correcting the data; and a 

description of the doslmetry used, along with curves showing the 

Integrated neutron fluxes and the gamma doses to which the speci- 

mens were exposed. 

The Radiation Effects Testing Facility is described in 

Appendix A.    The methods used to attain the gage-length correction 

factor are discussed in Appendix B.    Detailed mechanical-property 

data, stress-strain curves, and the results of the x-ray diffrac- 

tion and metallographlc studies are presented in Appendix C. 

4^ 
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II.    TEST PROORAM 

The QTR Radiation Effects Testing System at NARF Is de- 

scribed briefly In Appendix A and In detail In Section 2 of 

Reference 5.    The OTR Is located In a water-filled tank that 

occupies one-third of a 20- by 30- by 27-ft-deep "swimming 

pool."    The other two-thirds makes up the Irradiation test  cell. 

For Irradiations,  the reactor is traversed into a closet-like 

structure  located midway in the tank wall separating the two 

areas of the pool.     Items to be irradiated may be placed at 

any or all of the three sides:   the north side, with 2 in.  of 

water shielding,  or the east and west  sides, with 4 in.  of 

water.    The AOC specimens were  located at the east and west 

positions,  the WANL specimens at the north position  (Pig.  2-1). 

The tensile and shear specimens, all of which were provided 

by AGC, were fabricated from the following materials: 

Tensile Specimens 

Aluminum 
A356-T6 
6061-T6 
7075-T6 

Stainless Steel 
347 
kkOC 
A-286 

Nickel Alloy 
Inconel X-750 
Inconel 713C 
Haste Hoy 0 

Titanium 
A-HO-AT 

Shear Specimens 

Aluminum 
A356-T6 
6061-T6 
7075-T6 

Stainless Steel 
347 
410 
A-286 
D-979 

Nickel Alloy 
Inconel X-750 
Haste Hoy C 

Titanium 
A-HO-AT 





2.1    Test Procedures 

To accommodate all the specimens,  two 200-hr Irradiations 

were planned, with a testing and re-setup period in between. 

During the first irradiation,  two pulling assemblie«» were used - 

one on the east side of the closet and one on the west.    The 

east assembly contained 52 tensile specimens and the west assem- 

bly contained ho tensile and 20 shear specimens.    During the 

second Irradiation,  only one pulling assembly was used.     It was 

placed in the east position and contained 44 tensile and 20 

shear specimens.     The  first irradiation was terminated after 

190 hr and the second after 178 hr because of suspected hydrogen 

leaks. 

2.1.1    Specimen Loading Arrangement 

All specimens were cataloged and measured at NARF,   then 

loaded in the pulling assemblies according to the schedule pro- 

vided by AGO.    Figure 2-2 of the east assembly, second irradia- 

tion, shows a typical loading of tensile and shear specimens 

before irradiation.    Figure 2-3 of the east assembly,  first 

irradiation,   shows specimens after being pulled to fracture in 

tension.    As indicated in these photographs,  the specimens at 

any one of the four pull-rod positions can be pulled sequentially 

by a continuous upward stroke of the pull rods.    The  length 

of the slot in the upper, reinforced section of each specimen 

is designed to vary in such a way that only one specimen 

will be pulled at a time.    Figure 2-4, a drawing of the general 

specimen design,   illustrates how the  slot length determines the 

distance B, which is equivalent to the distance between the clevis 

.■■.- ■ .«-i»^.**^^.»*^;^ H HMI 



NPC 23,538 
31-8355 

Figure 2-2 Typical Specimen Loading for AGC Cryogenic Materials 
Test Assembly 
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pins at the time a tensile force Is applied to the specimens. 

v        Figure 2-5 shows s  typical notched and an unnotched specimen. 

The pulling assembly Is described In more detail In Section 2.2.1. 

The loading schedules for the three pulling assemblies are 

given in Tables 2-1, 2-2, and 2-3. Each table lists the specimen 

material, condition, identification number, and the distance B. 

The notation In the "'condition" column is used throughout the 

report and Is to be Interpreted as follows: 

L - specimens pulled longitudinal to the direction In 
which the material was rolled 

T - specimens pulled transverse to the direction in 
which the material was rolled 

N - notched specimens 

U - unnotched specimens 

W - welded specimens 

W (as welded) - specimens that have not been subjected 
to heat treatment after welding 

2.1.2 Irradiation Procedure 

The main steps followed in preparing for the irradiations 

are described below: 

1. Identify all specimens and record all pertinent data. 
Apply a Microdot weldable strain gage to one specimen 
in each pull position (see Tables 2-1, 2-2, and 2-3). 

2. Charge and bleed the pulling and Indexing hydraulic 
systems,  (These systems have identical plumbing.) 

3. Check all specimens and load in accordance with the 
AGC loading schedule described in Section 2.1.1. 

- - Check out each extensometer mechanism and make necessary 
adjustments. 

4. Mate each AGC Cryogenic Materials Test Assembly to an 
AGC dewar; hook up and check all associated cryogenic 
plumbing. Hook up and check all purge equipment and 

|v instrumentation. 

9 
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Table 2-1 

Specimen Locations In East Pulling Assembly 
First Irradiation 

1           Pull Rod 1 (South Position) Pull Rod 2, 
1     Material" 

3^7 

Condition 

LU 

Mo. 

701 

"B (in.) 

13.00 

Material 

|    440C 

Condition 

LU 

No. 

201 

B (in.) 

13.00 
7075-T6 LN 117 12.625 440C LU 197 

72a 
12.625 

7075-T6 LU 105 12.125 i    6061-T6 LWU8 12.00 
7075-T6 IK 113 11.75 347 IM 707 11.50 
7075-T6 LU 101 11.25 
6061-T6 IX 2-93 10.75 

9.875 
347 m 705 11.00 

6061-T6 LU R-83 A-286 LN 225 10.50 
6061-T6 

^K 2-89 9.375 A-286 LU 213 
8!875 6061-T6 LUb 2-77 8.50 A-286 *** i;ab 221 

A-110-AT TN 333 
285 

8.00 A-286 210 7'75 
A-llO-AT TU 7.25 A-llO-AT TWN 345 I*275 

6.875 A-110-AT TN 329 5.75 A-llO-AT TWU |?I 1      A-110-AT TU 281 5.99 A-llO-AT TWN 6.50 
A-llO-AT TWU 293 5.99 

Pull Rod 3 Pull Rod 4 
Material 

4400 

Condition 

LU 

No. 

202 

B (in.) Material 

347 

Condition 

LU 

"" No. 

702 

B (in.) 

13.00 13.00 
4400 LU 198 12.625 7075-T6 LN 118 12.625 
6061-T6 LWU8 725 12.00 7075-T6 LU 106 12.125 
3^7 in 708 11.50 7075-T6 IK 114 11.75 
347 121 706 11.00 7075-T6 LU 102 11.25 
A-286 LN 226 10.50 6061-T6 IK 2-94 10.75 

9.875 A-286 LU 21U iN75 

8.875 
6061-T6 LU R-82 

A-286 
^K 222 6061-T6 *** 2-90 2<375 

8.50 A-286 LUb 211 7.75     i 6061-T6 ur 2-78 
A-llO-AT TWN 346 7.375 A-llO-AT TN 3^ 286 

8.00 
A-llO-AT TWU 298 

342 
6.875 A-llO-AT TU 7.25 

I     A-llO-AT TWN 6.50 A-llO-AT TN 330 
282 

6.75 
A-llO-AT TWU 294 5.99 A-llO-AT TU 5.99 

Specimens tested in the "as welded" condition (without heat treatment). 

^Strain gage welded to specimen to measure strain in reduced cross section. 

11 
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Tabl« 2-2 

Sptolmin Locations In W«tt Pulling Assembly 
First Irradiation t j 

I           Pull Rod k (South Position) 1                          Pull Rod J, 
Mstsrlsr^ 

3*7 

Condition 

LU 

S2i 

703 
70* 

TRlnJ. Msterisl     Condition 

6061-T6            TWU 

"^No. 

3-31 

B (in ) 

13.25 13.00 
3*7 LÜ» 12.125 6061-T6             TWU" 3-35 

3-*2 
12.50 

A356-T6 in 22 11.75 6061-T6             TWH 12.125 
A356-T6 LU 10 11.25 6061-T6             TWN 3-UU 11.75 
A356-T6 IM 18 10.875 ;    6061-T6              TWN 3-*6 11.375 
A356-T6 
3U7C 

LU 6 10.375 6061-T6              TWN 3-*8 11.00 
LU ig 9.937 3*7                        LWH 216 10.75 

3*70 III 9.562 3*7                      LMU 20k 9-75 
3*7C LU 173 t'l25 

8.625 
3*7                      IMH 21* 2-50 

8.50 Haatalloy C LN 369 3*7                      LWU 202 
Haatelloy C LU 357 7.50 3*7                      LMN 212 8.25 
Haste Hoy C IN 365 7.00 3*7                      LWU JO 

6!875 Haatelloy C LU 353 5.99 3*7                      LWN 210 
3*7                      LWU" 198 5.99 

Pull Rod 3 Pull Rod 1 
Material 

6061-T6 

Condition 

TWU 

No. 

3-32 

B (in.) Material^ No. 

13.00 
6061-T6 TWU 3-36 12.50 6061-T6 1 
A356-T6 W 21 11.75 6061-T6 2 
A356-T6 LU 9 11.25 6061-T6 I A356-T6 LN 17 10.875 6061-T6 
A356-T6 
3*70 

LU" 10.375 A-286 5 
LU 178 

186 
9.937 Haatelloy C 6 

3*70 IM 9.562 Haatelloy C I 3*70 LU 17* 9.125 Haatelloy C 
Haatelloy 0 LN 370 8.65 Haatelloy C 9 
Haatelloy C LU 35§ 7.50 A-286 10 
Haatelloy 0 LN 366 7.00 A356-T6 11 
Haatelloy 0 LU 35* 5.99 A356-T6 

A356-T6 
12 

11 A356-T6 
A-286 15 
7075-T6 16 
7075-T6 11 7075-T6 
7075-T6 19 
A.286 20 

'strain gage welded to apeclmen to measure strain in reduced cross section. 

^Shear apedmena 

L 
12 



Table 2-3 

Specimen Locations In East Pulling Assembly 
Second Irradiation 

1             Pull Roc I 4 (South 
Conaltion 

LU 

Position) Pull Rod 2 
1      Material 

Inconel X-750 

-Vo. 

381 

TMinJ. \       Material      Condltl 

Inconel X-750       LU 

on No. 

332 

B (in.) 

13.00 13.00 
Inconel X-750 lK 389 12.50 Inconel X-750        LN 390 12.50 
Inconel X-750 LUb 377 11.375 Inconel X-750       LU i£i 11.375 
6061-T6 LWNa 3-114 11.00 1 6061-T6                    TWN 11.00 
6061-T6 LWNa 727 10.75 6061-T6                    LU 761 10.25 
6061-T6 TWUa 720 10.25 6061-T6                    LWU8 760 9.875 
6061-T6 TWNa 723 9.875 
6061-T6 TWUa 719 9-375 606l-T6                    LWN 3-92 9.00 

8.50 6061-To TWNa 722 9.00 606l-T6                    LWU 
6061-T6 TWUa 718 8.50 6061-T6                     LWNW 3-90 8.125 
6061-T6 TWNa 721 8.125 6061-T6                     LWUb 

III* 7.625 
6061-T6 Twuab 717 7.625 Inconel 713C         IH 7.25 
Inconel 713C LN 417 7.25 Inconel 7130         LU 406 6.812 
Inconel 713C LU 405 6.812 Inconel 713C          LN 414 6.437 
Inconel 713C LN 413 6.437 Inconel 713C          LU 402 5.99 
Inconel 713C LU 401 5.99 

Pull Rod 3 Pull Rod 4 
i      Material Condition No. B (in.) Material« 

A-110-AT 

No. 

1 
Inconel X-750 LN 392 13.00 A-110-AT 2 
Inconel m-l^O LN 391 12.50 A-110-AT I 6061-T6 LWUa 726 12.00 A-110-AT 
347C IH 190 11.50 D-979 5 
347c LN 189 11.00 Inconel X 6 
6061-T6 LWN 3-96 10.625 Inconel X I 6061-T6 LWU R-84 9.75 Inconel X 
6061-T6 LWN 3-94 9.375 Inconel X 9 
6061-T6 LWUb 3-82 8.50 D-979 10 
440C LN 610 8.00 347 11 
440C U* 608 7.50      i 347 12 
440C LN 606 7.00 347 \l 440C m * 604 6.50 347 
6061-T6 LWNa 728 5.99 D-979 

410 
410 

15 
16 

il 410 
410 19 
D-979 20 

Specimens tested In the "as welded" condition (without heat treatment). 

^Strain gage welded to specimen to measure strain in reduced cross section. 

cShear specimens 
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5. Attach each test-assembly support stand to a pallet on 
the shuttle system (see Appendix A) and lower into 
position adjacent to the reactor closet (Fig. 2-1). 
By means of the overhead crane« lower each test assembly    **■ 
into position (Fig, 2-6). 

6. Pill each dewar with LH2 and stabilize the level. Bring 
the reactor to 3 Mw power and slowly traverse it into 
position in the closet. 

The first irradiation was terminated after 190 hr because 

of a hydrogen leak indicated by a General Monitor sensor located 

at the top of the dewar shroud on the west assembly. No other 

sensor on either assembly Indicated a leak. Since 95$ of the 

scheduled amount of radiation was obtained, it was decided to 

terminate the irradiation and test the specimens. 

The second Irradiation was terminated after 178 hr, also 

because of a suspected hydrogen leak which was indicated by two 

General Monitors sensors located in the same general area as 

the one in the first Irradiation. It was again decided to con- 

sider this amount of radiation adequate and test the samples. 

2.1.3 Postirradiation Tests 

At the conclusion of the irradiation, the reactor was shut 

down and the specimens pulled in tension or shear until fracture. 

The sequence of operations was as follows: 

1. Wait 1 hr after reactor shutdown for the assemblies 
to reach an equilibrium condition. 

2. Position the hydraulic valves on the interconnect 
panel to the desired assembly. 

3. Assure that the hydraulic and instrumentation systems 
are zeroed. 

4. Set Instron crosshead travel at 0.050 in./min. 

3. Start recording systems and then Instron crosshead 
travel. 

Ik 



Figure 2-6 

NPC 22,733 
31-8349 

Installation of AGC Cryogenic Material* Test Assembly 
In the Irradiation Cell 
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6. Continue orosshead travel until fracture of the 
specimen it noted. . 

7. Stop Inttron orosshead travel immediately after tensile 
specimen fracture and index extensometer mechanism to 
next specimen.  (No indexing is required for the shear 
specimens.) 

8. Advance matron crosshead to pickup point for next 
specimen and stop to assure readiness of hydraulic 
and recording: systems for pulling operation. 

All specimens in both irradiations were tested satisfactorily, 

but some minor irregularities occurred during the first irradiation. 

These are described below: 

1. A load-cell strain gage on pull rod No. 3 in the west 
assembly came loose while pulling the third specimen. 
Instron data were correlated to the strain data, as 
explained in Section 3.3« to present the stress-strain 
relationship. 

2. Because of inadequate specimen spacing, the No. 2 
specimen on pull rod No. 4 in the west assembly was 
picked up prior to failure of the No. 1 specimen. In 
order to test the remaining specimens on this rod, it ( 
was necessary to fracture these two specimens together, 
thus producing an overload condition and a resulting 
null shift of the load cell. Instron data were corre- 
lated as stated above. 

3. The load cell for pull rod No. 3 in the east assembly 
was erratic and unreliable. Instron data were corre- 
lated to the strain data as previously described. 

4. Extensometer data were lost on several specimens because 
of specimen irregularities. The rod-movement data were 
used to present the stress-strain relationship for determ]|- 
natlon of the yield points. 

3.  Considerable difficulty was encountered with the indexing 
hydraulic system due to gas evolution. This was corrected 
before the second Irradiation by providing a circuit for 
bleeding each indexing hydraulic ram after irradiation. 

After completion of the tests, cryogen flow was terminated 

ard each assembly was purged according to established procedures 

detailed in the approved planning document. When the purge was 

L 
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completed,  the assemblies were  left In the test cell for one 

week to allow for radioactivity decay.    The systems were 

r.hen removed from the test cell and stored in an Isolation 

area. 

Specimens and dosimetry from the east assembly used during 

the first irradiation were removed after about two weeks in the 

isolation area.    The other two assemblies were first  leak-checked, 

as described in Section 2.1.4,  then demated for specimen and 

dosimetry removal.    All specimens were taken to the Irradiated 

Materials Laboratory and measured for final gage  length and cross 

section.    Selected specimens were then sectioned and sent to the 

appropriate laboratories for the x-ray diffraction and metallo- 

graphic studies. 

2,1.4    Postirradiation Hydrogen Leak Check 

The two systems with suspected leaks were positioned on the 

ramp and prepared for checkout to attempt to determine if a leak 

actually existed. 

The west system was pressurized with helium gas to 7 psig. 

A significant  leak was detected in the 1.5-ln.  flexible exhaust 

line approximately 12 ft from the top of the dewar shroud.    A 

section of the bellows appeared to have been damaged and was 

dented and cracked.     It is not possible to say if this happened 

during the test setup or upon removal of the equipmert from the 

test cell.    The leak in the exhaust line was repaired and the 

system was prepared for an LHg leak-check.    The dewar was filled 

with LH2 and stabilized at the normal level for 2 hr.    The system 

was continuously checked during this 2-hr period,  but no leaks 
were detected. 

17 



The east syetew (second Irradiation) was pressurized with 

helium gas to 7 pslg with no detectable leaks; a pressure decay 

of approximately 0.1 psl/hr was noted. The dewar was then filled 

with LHg and stabilized for 2 hr. No leaks were detected. M.S.A. 

portable detectors were utilized for leak-checking. The General 

Monitor gas-analysing system is being examined and tested for 

possible inadequacies and/or radiation damage. 

2.2 Test Hardware and Instrumentation 

2.2.1 Cryogenic Materials Test Assembly 

The test assemblies are rated for a load application of 

12,000 lb. An allowable overload of 255^ permits a resultant 

maximum load of 15*000 lb. The hydraulic rams and load cells 

are the limiting factors. The complete pulling assembly is 

shown In Figure 2-7. 

Each assembly has four pull positions. The tensile specimens 

are secured between a stationary clevis and a movable clevis at 

each pull position. The movable clevis is connected to two pull 

rods extending through the flange plate. The pull rods extend 

through two guide bushings and an asbestos sealing gland. Above 

the flange plate the pull rods are connected to a pull-bar actuator, • 

The hydraulic ram at each position is connected to the respective 

pull-bar actuator through a load-cell coupling. The stationary 

clevis is secured to the base plate with 0.73-ln. stainless-steel 

(NAS1012-15) bolts. The base plate Is, in turn, secured to com- 

pression members to transmit loading to the ram mounting structure. 

Mounting fixtures are provided for shear specimens and secured 

between the clevises for load application. Each clevis contains 

18 
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Figure 2-7 AGC Cryogenic Materials Test Assembly with Cryogen 
Can Installed 
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four progressive shear fixtures. 

Each clevis Is divided Into two sections, each section v> 

being 2.06 In. wide.    This permits a possible sample loading 

as follows: 

Tensile 14 specimens, of 0.23-ln. grip thickness, 
per pull position for a total of 36 speci- 
mens per pulling assembly. 

Shear   3 specimens per shear fixture for a total 
of 20 specimens per pull position and 80 
per assembly. 

Various combinations of tensile and shear samples may be tested 

in any given assembly. 

2.2.2 Liquid-Hydrogen Dewar 

The cylindrical dewar is composed of two concentric cylin- 

ders, with similar 2:1 elliptical closures on the bottom connected 

to a common circular plate on the top (Fig. 2-8). A vacuum is 

maintained between the cylindrical vessels for insulation. The 

inner vessel contains the cryogen can, which is secured to the 

underside of the pulling assembly flange plate (see Pig. 2-7). 

The evaporated cryogen is discharged from the bottom of the dewar 

through a 1.25-in. exhaust line. 

The dewar is secured to the test assembly flange plate with 

twenty 0.3-in. oolts and sea ??d with a 0.0625-ln.-thick asbestos 

gasket. The bolts, of A-286 specification, are external 

wrenching with allowables in tension of 140,000 psi minimum at 

room temperature. When the system is assembled, the test assembly 

is eccentric to the dewar centerline by approximately 5 in. 

Specifications and structural analyses of the dewars are 

available in References 6 and 7,  respectively. 

( 

L 

20 



Vacuum Valve 
(pumping connection) 

Rupture Disc 

Cryogen Exhaust 
Connection 

jVacuum Qage 
Tube 

Vacuum 
Relief 
Valve 

Figure 2-8 Dewar for AGC Cryogenic Materials Test Assembly 
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2.2.3    Equipment Safety Provisions 

Safety provisions for all test equipment are described ^ ' 

below: 

1. The entire upper portion of each test assembly is 
enclosed In a shroud.    All access fittings or lines 
are routed Into or through the shroud for termination 
of connections.    The shroud Is continuously purged 
with helium gas at approximately 2 cfm to maintain 
an Inert atmosphere.    The shroud exhaust Is routed 
through a 1.25-ln.  swing check valve at the top of 
the shroud and vented out of the pool to a vent stack 
at the north end of the facility.    The shroud vent 
lines are 1.30-ln. stainless-steel flex lines and are 
paralleled Into the 3-In. vent system. 

2. A pop safety valve Is Incorporated as overpressure 
protection for each test assembly and Is set at 7.5 
psl.    The valve Is positioned In and vented Into the 
shroud.    When the valve is actuated, a hermetic micro- 
switch sets off both a visual and an audible alarm In 
the control room.    The valve Is connected to the dewar 
by a 1.25-ln.  stainless-steel tube flanged at the shroud 
and welded at the assembly mounting flange.    In case » 
the valve should be actuated,  the shroud exhaust Is sized , . 
sufficiently to handle the normal boil-off. (_ 

3. A 2.00-ln., 22-psl rupture disc Is Incorporated In the 
upper closure of the dewar.    The rupture disc Is ported 
to the shroud exhaust system for venting out of the pool. 

4. The normal exhaust Is vented from the dewar to the burn 
stack.    The exhaust fitting at the dewar and the rupture 
disc are enclosed In an Inert shroud.    The shroud Is 
purged continuously with helium gas at approximately 
2 cfm.    The dewar shroud exhaust Is vented Into the pull- 
assembly shroud system. 

5. Liquid hydrogen Is supplied to each dewar through a 
0.75-ln.  vacuum-Insulated flexible supply line.    The 
termination at the test assembly Is made Inside the 
shroud.    A rigid vacuum-Insulated stainless-steel line 
is routed from the shroud to the dewar and welded into 
the pull-assembly mounting flange. 

6. The electrical wiring required for liquid-level indica- 
tion, temperature monitoring, and strain gages is routed 
out of the dewar through a 2-in.  stainless-steel tube. 
The tube is welded at the mounting flange and bolted 
with an asbestos seal at the shroud.    At the shroud,   t-.n^ 

L 
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wiring Is terminated In a hermetic connector.    This 
wiring, plus additional Instrumentation and control 
parameter wiring, la routed out of the shroud through 
hermetic connectors. 

7.    Dewar pressure and shroud pressure are monitored con- 
tinuously throughout the test.    IRC 0-13 pslg transducers 
are utilized as pressure transmitters.    The output signal 
of each transducer is continuously recorded on a strip 
recorder in the control room (see Pig.  2-9).    The trans- 
ducers are mounted in the handling area and connected to 
the dewar and shroud with 50 ft of 0.23-ln. copper tubing. 
The line to the dewar is routad through the shroud with 
a  connection made Inside the shroud. 

2.2.4    Hydraulic System 

Loads are applied to the tensile and shear specimens by means 

of hydraulic rams.    Each basic system has the following components: 

1. A master cylinder, which is secured between the movable 
crosshead and the load cell of the  Instron tensile 
testing machine  (see Fig. 2-10). 

2. Four slave  (or pulling) cylinders located on each 
assembly. 

3. Pressure and return manifold gages. 

4. Make-up and bleed reservoir. 

3*    Supply reservoir and pressure pump. 

6.    Interconnecting lines, valves, and fittings. 

Each cylinder has a bore of 3.23 in., a stroke of 14 in., 

and a rod diameter of 1.373 in.    This gives an effective rod-end 

piston area of 6.8 sq.  in.    The lines are connected to the cylin- 

ders to permit pressure application to the rod end. 

2.2.3    Cryogenic Transfer System 

Liquid hydrogen is supplied to each test assembly from an 

LHg transfer trailer located adjacent to the reactor pool. An 

LHg supply manifold, equipped with remotely operated supply 
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valvtt» It located outside the facility shield. Each supply 

valve Is equipped with a pneumatically controlled positioner <► 

to permit proportional control of the oryogen flow. Each test 

assembly Is connected to the manifold with 90 ft (two sections) 

of nominal O.TS-ln.-ID, vacuum-Insulated flexible lines. The 

manifold Is equipped with two Inllet valves to permit change- 

over of LHg trailers without Interrupting flow to the test 

assemblies. 

2.2.6 Cryogenic Exhaust System 

Liquid hydrogen Is contained In a can Inside of and open 

to the dewar. The evaporated oryogen Is exhausted through a 

1.3-ln. line connected at the top of the dewar. The exhaust is 

ported through a combination of flexible and rigid 1.3-ln. lines 

to a point outside the facility shield. Each 1.3-ln. line Is 

routed through a gate valve and check valve Into a common 5-ln. 

line. The 5-ln. line ties Into the bum stack. The exhaust 

system Is equipped to vacuum purge the test assemblies. 

The vacuum purge system Is composed of a valve network, a 

mechanical vacuum gage, a compound pressure-vacuum gage, and a 

vacuum pump. The valves are 1.3-ln. unrestricted gate valves 

for vacuum and/or cryogenic service. The vacuum pump Is a Klnrey 

KD-30 pump rated at 30-cfm pumping speed, with an optimum capa- 

bility of 10 microns. The pump and motor are class "B" explosion- 

proof and are equipped with Lox-Safe oil. The system Is designed 

to purge an Individual segment or all segments In parallel. 

(. 
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2.2,7    Cryogenic Level Indication and Control Systems 

A liquid-level indication system continuously monitors the 

cryogen level in the test assemblies.    The system consists of a 

sensor probe and an Indication panel.    The panel is shown in 

Figure 2-9 and the probe in Figure 2-11.    The probe consists of 

seven 0.23-watt carbon resistors mounted in a rake and spaced 

29.50, 21.75,   19.00,   11.00, 9.00, 6.25,  and 4.12 in.  below the 

dewar flange.    The optimum control level will be between 9 and 

11 in.  (10 in.) below the dewar flange. 

Each resistor In the probe Is excited to dissipate its 

rated power for maximum sensitivity and response.    The large 

difference in the heat-transfer rate of the sensor when It Is 

in  liquid and when it is in vapor produces a temperature and 

corresponding resistance change in the sensing element.    As 

this resistance reaches a threshold value,    t activates an out- 

put signal In the transistorized control panel.    This signal 

triggers an indication light and/or alarm system. 

A liquid-level control system Is utilized to maintain a 

near constant level In each test assembly.     A Bristol control 

unit, with a +100° to -4300F range kit,  is used as the controlling 

device (see Fig.  2-12).    A copper-constantan thermocouple Is 

positioned In the dewar relative to the desired control level. 

The thermocouple EMF Is converted to a proportional pneumatic 

signal in the Bristol controller.    This pneumatic signal is fed 

to a Fisher proportional positioner, which Is an Integral part 

of the cryogen manifold and is connected In such a way as to con- 

trol the outlet valve. 
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Figure 2-11 Lower Section of AOC Cryogenic Materials Test Assembly 
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2.2.8    Initruwentation 

2.2.8.1 Applied Load Measurement 

The applied load to each specimen is measured by a four-arm 

strain-gage load cell and recorded on an Offner dynagraph recorder. 

(The load cells can be seen in Figure 2-13 •)    The strain gages 

used are BLH weldable gages with ceramic bonding for optimum 

radiation resistance.    Each load cell was calibrated utilizing 

the Instron tensile testing machine for load application and the 

Offner dynagraph recorder for data acquisition.    Calibration data, 

shown in Figure 2-14, were obtained in representative increments 

up to  15*000 lb. 

2.2.8.2 Strain Measurement 

Representative strain is measured by three methods.    These 

are described as follows: 

Qage Length Extensometer.    An extensoraeter mechanism is pro- 

vided to measure the strain within the specimen gage  length.    Tabs 

are clamped and tack-welded to the unnotched tensile specimens to 

provide a 2-in. gage length.    Fingers (or arms) are positioned 

relative to the tabs and connected to concentric tubes which are 

in turn connected to a displacement transducer.    The fingers can 

be seen positioned on the specimen tabs in Figures 2-2 and 2-3. 

The transducer used is a Physical Sciences variable perme an re- 

type,  with a +1.000-in.  range.    The cryogcn gas seal around the 

concentric tubes is effected by a cyllnder-and-piston arrange- 

ment utilizing Teflon "bal seals."    The extensometer mechanism 

is indexed from one specimen to another by means of a combina- 

tion hydraulic and pneumatic indexing system  (see Fig. 2-13). 
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Figure 2-13 Upper Section of AGC Cryogenic Materials Test Assembly: Front Side 
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Eaoh txttntontttr nMohanlm Is oalibrattd to 0.800 In. in 

rtprtitntatlv« progrtnlvt Inortmnts. Typical calibration i, 

curvts art ihown in Figure 2-16. 

Rod Movement MeohaniBm, A mechanism is provided at each 

pull position to measure the speelaen pull-rod displacement. 

This measurement is continuous for the total rod movement. A 

Helipot potentiometer (30,000 ohm, 360° rotation) is geared 

through a rack and pinion to the specimen pull rods (see Fig. 

2-13). The potentiometers have nine equally spaced taps. 

Selection of the gear ratio and potentiometer tap spacing was 

made to give 360° of pot rotation per 0.5-in. of rod movement. 

This gives a resolution of from 0.3 -  i.O mil with the use of 

the Offner dynagraph recorder. Each position is calibrated in 

0.023-in. increments for 2 in. of rod movement. A typical cal- 

ibration curve is given in Figure 2-17. 

Specimen Strain gage, A weldable strain gage Is attached 

to one specimen in each pull position to measure the strain in 

the reduced cross section. Nicrodot type SS-E-6B strain gages 

were attached to the stainless-steel specimens and AL-E-6B 

gages to the aluminum specimens. The active length of all 

specimen gages is 1.00 in. A compensating gage is provided in 

each assembly and the signal output of the gages is recorded 

on the Offner dynagraph recorder 

2.2.8.3 Temperature Monitoring 

Seven copper-constantan thermocouples are provided in each 

dewar for monitoring the liquid, vapor, and specimen temperatures 

(Fig. 2-11). Three of the thermocouples are provided to measure 
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*► 
the temperature of the hydrogen vapor and supply the signal 

<*       for the liquid-level control system. The remaining four thermo- 

couples are provided to measure liquid temperature and specimen 

surface temperature. These thermocouples are located as follows: 

1. 12 in. below the dewar "lange 

2. 24 in. below the dewar flange 

3. On a specimen in the No. 1 pull position 

4. On a specimen in the No. 2 pull position 

These four thermocouples are referenced to liquid nitrogen and 

the output signal recorded on the Dymec Digital Data Acquisition 

System, 
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III.     ANALYSIS AND DISCUSSION OP RESULTS 

A statistical test of significance was used to evaluate 

the observed differences between the average values of the 

pre- and postlrradlatlon mechanical-property data.    The pre- 

Irradlatlon (control) values are given In Reference 6.    The 

results and Interpretation of the results of this analysis are 

presented In Section 3.1.    The tensile and shear test data for 

Individual specimens of each material are reported In tables 

In Appendix C.    Stress-strain curves,  x-ray diffraction data, 

and  the results of a metallographlc study are also presented 

in Appendix C. 

The extensometer devices used to measure remotely the 

elongation of the specimens required that a correction factor be 

applied to the measured values In order to determine the actual 

elongation of the 2-ln.  gage  length.    This correction factor is 

discussed briefly in Section 3.2 and in detail in Appendix B. 

In those cases where the ram load cell was Inoperative  (see 

Section 2.1.3),  it was necessary to determine the  load applied 

to the specimens from Instron data instead of from the ram load- 

cell data.    The method used to do this is discussed in Section 3.3. 

The integrated neutron fluxes to which the specimens in all 

three assemblies were exposed are given in Section 3.^. 

3.1    Statistical Analysis of Mechanical Properties 

The averages and standard deviations of the data for the 

various material conditions are tabulated in Tables 3-1 through 

3-5.    The  last column of each table indicates the significant 

differences between the preirradiation and postIrradiation 

averages that cannot be accounted for by the specimen variations. 
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It must be noted that statistical methods determine only the 

statistical  significance of an observed difference in the data. 

A difference may be statistically significant and yet so small as to 

be of little engineering importance.    On the other hand,  when a 

difference is termed not  significant,  it does not necessarily imply 

that  there  Is no difference.     In some instances,  only a  small 

number of specimens are  tested,  and the variability in the data 

is too large  for the radiation effects to be detected.    When large 

numbers of specimens are tested,  the sensitivity of the experiment 

Is usually increased enough to detect a difference. 

In general it can be noted that a radiation-effect threshold 

was obtained.    Definite trends of decreased elongation and in- 

creased yield strength are apparent.    Some variation in ultimate 

tensile and shear strength is also indicated. 

Table 3-1 indicates a decreased elongation of 71.8^ in 

606I-T6-LWU (as welded)  from the prelrradlatlon to the postirra- 

dlatlon state.    This is not considered to be a result of radiation 

damage;  the macrophotograph of this material condition Indicates 

poor weld penetration.    It is difficult  to say what degree of 

Indicated damage is due to radiation and what degree is due to 

the poor weld penetration. 

3.2    Gage-Length Correction Factor 

The AGC test specifications required that the tensile specimens 

remain submerged in liquid hydrogen during the postlrradiation test- 

ing.     Since all tests were performed remotely through the  u^e of 
- 

various hydraulic and electrical apparatus, and since a  large 
I 

number of specimens had to be tested,  conventional extensoraeter 

45 

•• 
f 



i - 

devices could not be utilized.    It was therefore ne?essary to 

design and build extensometer devices for these conditions.     A 

description of their design and operation is contained  li. Section 

2.2.8 of this  report. 

Metal tabs were tack-welded to the upper and lower grips of 

each unnotched specimen,  with the Inside surface of the tabs 

coinciding with the  2-ln.  gage length of the  specimen.     As each 

specimen was pulled In tension,  the extensometer mechanism 

tracked,  or followed,  the separation of the tabs.,    For all prac- 

tical purposes,   the strain,  as recorded by the extensometer 

device,  occurred between the grips of the  specimen and not 

entirely within the 2-ln.  gage length.     For this reason It was 

desirable to calculate a  factor which, when applied to the 

measured elongation,  would give the elongation within the  2-ln. 

gage length. 

The approach taken applies only within the elastic range 

of the material.    A complete analysis    and the associated cal- 

culations are presented In Appendix B.    The value of the constant 

was found to be 0.7075.    All relevant data appearing in this 

report have been multiplied by this factor. 

3.3    Correlation of Instron Load Data 

As described in Section 2.1.3 ,  three of the twelve ram load 

cells were lost.    The  ram load cell Is a transducer element that 

Is coupled between the hydraulic ram and the movable clevis to 

measure the load being applied to the specimens.    The load recorded 

by the master loading device  (instron tensile testing machine) 

he 



contains a  variable  tare  load not recorded by the  ram load cell. 

It was therefore necessary to correlate the data  recorded by 

the  Instron with that from the ram load cell In order to obtain 

the load on the specimens at the  three pull positions mentioned. 

This correlation was accomplished by utilizing the nine 

remaining load cells that functioned satisfactorily.    Each of the 

nine load cells was considered individually.    The load data  re- 

corded during the test were plotted (Instron vs ram)  to obtain 

a correlation curve  for each cell.    The curves obtained were all 

linear and closely related.    The  slopes varied from 0.927 to O.956, 

with an average of 0,9^2.    A typical correlation curve of one load 

cell is presented in Figure 3-1• 

The 0,9^2 value was then applied to the recorded Instron 

loads for the three pull positions in question to obtain equiva- 

lent ram loads. 

3,4    Dosimetry 

Extensive nuclear measurements, made prior to and during 

GTR-16, were required to provide the data needed to reliably 

characterize the radiation fields inside the test volumes. 

Following is a brief analysis of the procedures used for deter- 

mining the fast-neutron flux (E> 1 Mev),    the thermal-neutron 

flux (E<0»48 ev), and the gamma dose rates.    All gamma dose 

values reported are based on the  results obtained during two 

mapping runs made prior to the material tests. 

Measurements of the neutron  flux were made with standard 

dosimetry packets attached to the pulling assembly directly in 
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front of the material specimens (Fig, 3-2) and In front of and 

behind the cryogen~fluld can. 

Figures 3-3 and 3-^ show the Integrated thermal- and fast- 

neutron flux Inside the east and west assemblies during the first 

Irradiation. Figure 3-5 shows the flux Inside the east assembly 

during the second Irradiation. A bare and a cadmium-shielded 

phosphorous pellet were used to measure the thermal-neutron flux, 

and a cadmium-shielded nickel foil was used to measure the fast 

neutron flux above 2„9 Mev.  Other fast-neutron detectors with 

lower thresholds could not be used because the exposure exceeded 

their measuring capacity. The activated foils were processed In 

the detector counting room and all data reduced using an IBM 7090 

computer program. 

Neutron spectral measurements (Fig. 2.22 of Ref. 5) made 

previously In the east and west positions of the GTR irradiation 

facility show that the ratio of the neutron fluxes, E> 1 Mev/ 

E>2.9 Mev, is 2.82. A preliminary analysis of the mapping 

experiments made prior to GTR-16 indicates no significant variation 

in the shape of the neutron spectrum, regardless of position inside 

the dewar. Further, a comparison of the neutron flux (E>2U9 Mev) 

measurements made with sulfur during the mapping experiments with 

those made with nickel foils during the GTR-16 irradiations show 

them to be virtually identical. The neutron flux for E>1 Mev, 

therefore, as shown in Figures 3-3^ 3-^* and 3-5» is obtained by 

multiplying the neutron flux for E>2.9 Mev 'as measured with the 

nickel foils) by the factor 2.82. 

Figure 3-6 depicts gamma-dose profiles inside the three dewars. 

Since the gamma doses during this series of tests exceeded the 
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maximum response range of all gamma ose measuring devices, the 

data shown here were obtained empirically from the mapping experi- 

ments» 
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APPENDIX  A 

GTR RADIATION EFFECTS TESTING SYSTEM 

The GTR Radiation Effects Testing System is  located In the 

Reactor Operations Area at  the north end of thf   NARF complex. 

Figure A-l is a plan view and Figure A-2 Is a cutaway view of the 

system.     A closeup of the Irradiation test cell and the reactor 

tank Is  pictured in Figure A-3.     During operation,   the reactor 

is moved into the closet-like  structure built  into the north 

wall of the GTR tank.    Items to be irradiated can be  located on 

the north,  east, or west  sides of the closet, as indicated in 

the figures. 

The reactor closet Is constructed of 1-in.   aluminum plate 

and is partially covered by  l/4-in.-thick boral to attenuate 

therr.ial neutrons.    The boral extends 36 In.  east and west from 

the closet along the tank wall and 36 in.  up and down from the 

horizontal centerllne of the reactor core.    The centerline is 57 

In.  above the test-cell floor. 

The Ground Test Reactor (GTR) is a heterogeneous, highly 

enriched, thermal reactor that utilizes water as neutron mod- 

erator and reflector,  as radiation  shielding, and as coolant. 

Maximum power generation is  3 Mw.    The GTR,  In an aluminum 
I 

enclosure to  facilitate cooling-water flow,  is  suspended by an 
I 

open framework that is carried on a horizontal positioning 
I 

mechanism at the top of the reactor tank. This mechanism per- 

mits the reactor to be positioned at distances ranging from 

.■■,■■ 
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2 to 8? in.  from the north face of the closet. 

Adjacent to the north wall of the irradiation cell is the 

handling area. In this area, various connections are made for 

cryogenic, hydraulic,  and pneumatic equipment. 

An integral part of the OTR testing facility is the shuttle 

system, which is used to move test assemblies into irradiation 

position.    This system consists of cable-driven dollies mounted 

on three sets of parallel tracks.    The tracks extend from the 

irradiation positions adjacent to the reactor closet,  up an in- 

cline to the north wall of the irradiation cell, and to a loading 

area on the ramp Just north of the handling area.    The system can 

be operated from either the control room or the dolly motor-drive 

shed on the north ramp.     Full-coverage televiewing of the entire 

shuttle system Is provided by means of a closed-circuit television 

in the control room. 

The control room (Pig. A-l) Is a be low-grade, reinforced 

concrete structure adjacent to the GTR system.    The control room 

provides a shielded area  for reactor instrumentation,  control 

consoles, and test systems as well as special test equipment 

needed to conduct radiation experiments. 
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APPENDIX B 

CALCULATION  OF GAGE-LENGTH  CORRECTION FACTOR 

Standard ASTM procedures for determining stress-strain 

characteristics of dumbbell-type tensile  specimens require that, 

for elongation measurement,  extensoraeters be used and that they 

be Installed directly to the gage-length section of each Indivi- 

dual specimen.     Following this procedure Is Impossible,   however, 

when large numbers of specimens are  tested automatically and 

remotely while  submerged In liquid hydrogen.    An alternate approach 

was therefore devised that utilizes the  remotely operated extenso- 

meter described In Sections 2.2.8.2 and 3.2 and that obtains data 

In a manner closely approximating that required by ASTM standards. 

Since use of this approach results in a measurement of the elonga- 

tion that occurs over the total reduced cross-section portion of 

the specimens,   including the curved portions at each end of the 

gage-length section, a multiplying factor was derived for use in 

determining the actual gage-length elongation from the  total mea- 

sured elongation. 

From the  specimen configuration in Figure B-l,   it  can be  seen 

that, as the  specimen is pulled in tension to fracture,   elongation 

takes place between J and J', and this is the elongation that is 

seen by the extensometer device.     It is, therefore,  desired to 

calculate a  factor Q which, when applied to the measured elonga- 

tion, will give  the elongation within the specified gage length, 

or between points K and K'.    To do this it is necessary to derive 

67 

I 



I 
8 

ta 

■P 

Ok 

i 
fH 

8 

A 

66 



,«•■-■ 

mathematical expressions for the elongation that occurs between 

points K and K'  and between points J and J1. 

B-l    Elongation of Gage-Length Section,   K-K' 

The elongation of Section K-K' (within the elastic limit of 

the material) will be the same as that of a uniform straight bar 

when subjected to an axial load,   lue.. 

Px (1) B  =    AE 

wher'    5     =    the elongation 

P    =    the axial load 

x    =    the  length of the bar 

E    =    the modulus of elasticity 

A    =    the uniform cross-sectional area of the bar 

B-2   Elongation of Curved Sections,  J-K and J'-K' 

In determining the elongation that occurs within Section J-K 

(and the Identical section, J'-K'),  it  is important to note that 

not only is the cross-sectional area  variable, but that the varia- 

tion itself is not uniform.    This  section may be divided into 

three smaller sections - A, B,  and C  - each of which has a  differ- 

ent type of cross-sectional area  variation (see Fig.  B-2).     Thus, 

the elongation between J and K will be the sum of elongations 

that occur within Sections A,  B,  and C.    The derivation of an 

expression for the elongation within each of these  smaller sections 

is shown below. 

B-2.1    Elongation of Section A 

To determine  the elongation in a  member of nonuniform cross- 

sectional area. Equation 1 must be put  in differential form.     In 
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a. Plan View 

b. Edge View c. Expanded View 

Figure B-2  Geometry of Curved Section 
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<* 
other words, the cross-sectional area may be considered uniform 

*>      (or constant) only for elemental (dx) values of x, with there 

being, of course, corresponding elemental (do) values for elonga- 

tion. Therefore, the resulting differential equation is 

dö  =  L^ (2) 
AE 

In Figure B-2 it is obvious that the cross-sectional area of 

Section A is, at any point,  equal to 

AA    =    WA tA    =     lwAmin    + 2 yA^A (3) 

where wA   = the width of Section A at any point 

tA   - the thickness (constant) of Section A 

WA   * the minimum width of Section A 

y«   = one-half the difference between the width at 
a particular point and the minimum width of 
Section A 

From the geometry of Figure B-2c, 

yA - V- |y|   - h -VRi - xl (4> 

where R-,  is the radius of curvature.    The cross-sectional area 

of Section A therefore becomes 

AA    -     ( Vn + a Rl '  2VR? " *l   ] \ (5) 
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Substituting Into the Equation ?,  the elemental elongation 

of Section A Is 

d8A 

PdxA  (6) 

EtA      WA + Ä   '    Amln 
2 Rn   - 2\/R

2
 - x2 

1 V   1 A 

An expression for 6A Is obtained by integrating this equation. 

Thus, 

»A    -    —        fkmX     dXA (7) 
EtA WA  (     

+   2R1  "  2"VR?  - ^ 
o mln 

where w,       >  R,,  P,  E,  and tn  are all constants. 
Amln      1 ^ 

This equation is not directly Integrable.     Therefore,  to 

simplify the mathematics it  is assumed that the edge surfaces 

of Section A are not curvilinear but straight,  and that the 

cross-sectional area for this modified section is 

+  2y      t (8) 
A  , A |    A mln ' 

where y»   Is defined in Figure  B-,<. 

The value of yA Is larger than y    by the vertical distance 

from the actual curved edge  of the specimen to the straight edge 

(or chord)  shown by the dotted line.    The perpendicular distance 

between the curved edge and its chord Is variable,  but one-half the 

maximum can be used as a very close average.    This Is equal to 

one-half the difference between the radius of curvature R.  and 
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H. 

i 
yA max 

l/2(wA  ) Hmln 

Figure B-3 Expanded View of Section A 

the distance from the origin of R, to the chord: 

1/2 | R1 - 1/2V^i -P^ j (9) 

where p is the length of the chord. So, subtracting this segment 
A 

out of the value of yA, the actual area (within a small fraction 

of a percent) becomes 

AA^ w. 

w. 

+ 2 
mln 

'mln 

yA " 1/2  Rl - 1/2V 4 R? - PA 

R1  -  1/2V ^ «i  - P n + ^; 
> t      (10a) 

A 

(10b) 

=   Vn^ 
Ri " i/2 V^Rf~Tf k + 2 y;tA    doc) 
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where p.  can be evaluated from known apeclmen dimensions.    Now 

,yA i *.      a I     max yA    »    xA  tan ßA  « x      
A A KA        A\x 

max 

(ID 

where x»        is given In the specimen dimensions and y.        can be 
max max 

determined from x Ä        and the known value of R..    Therefore,  let 
Amax ■L 

/ 

Amln    A 
t.   - R,   - 1/2 V4 R2 - P2      t    « J 

1        /    v        1        A        A       i (12) 

and 

2t    tan ß    = k 
A A        A 

(13) 

The  cross-sectional area of Section A then becomes 

A    = J    + k x 
A A        A A 

(1^) 

so that the elongation Is 

6A=   E 
P      i   max dxA 

JA + kAxA 

(15a) 

E LkA 

TXA 

In    (kAxA +  JA) 
max 

(15b) 

B-2.2    Elongation of Section B 

The cross-sectional area of Section B in Figure B-2 is, 

Jk 



v    t/:m 

similarly, 

AB    =    «BtB (16) 

In this case, however,  both w_ and t^ are  functions of x;  the 

cross-sectional area of the  specimen Increases In the positive 

x direction, with both the  side  (and top and bottom) dimensions 

Increasing clrcumferentlally with x.    Therefore,   the equation for 

the cross-sectional area of Section B becomes 

B V._+   ^B)!^. +  2ZB mln 
B / 1   ^In 

(17) 

The term yB can be expressed as 

B - vv*r CA        + XB      - yA Hmax        Di "max (18) 

and the term z can be expressed as 

ZB = R2 
R2   x2 
R2 " XB (19) 

The cross-sectional area of Section B thus becomes,  in terms  of 

V 

kB* 
w^        + 2R    -  2 \/ R!" - 

Brain ! V    1 
'<■ + x_ 

i  Amax      ^ 
- 2y, 

vnax 

\in 
+ 2R    - 2A/R2 - x2 

2        B 
(20) 
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However,  slnoe 

'B '     WA +     2yA Dmln Mmln rtmax 
(21) 

• 

Equation 20 becomes 

^B wA        + 2R    -  2 V R? -U& 
rain 1 1     \   Amax 

t«        + 2R0 - 2 V 

+ x. 
B 

.    rain 

2        2 
2 v    2        B 

(22) 

Substituting Equation 22 Into Equation 2,  the elemental 

elongation for Section B Is 

dö B = F w.        + 2R 
Ämln X-A/T7 

i-i 

*max 
+ XB, 

S  ,     + 2R2 min c -V 2 2 R2   'S 
T-l 

(23) 

and the elongation Is 

*B p     /    max 

'B      °    E w.        + 2R-,   - 2 V R? - * 
Hmin ■L !     1     \ A        + ^ 

-1 

'B mln 
+ 2R„ - 2 V R2 - x2 

-1 

2        B 
dx 

B 
(24) 

4   " 
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This equation la extremely cumberaome and la not directly 

Integrable.    Therefore,  the geometry la almpllfled as ahown In 

Figure B-4 and the new equation for the crosa-aectlonal area  takea 

the form of Equation 10b,  except that the  term representing the 

thlckneaa la almllar to the term representing the width: 

lB 
V UR2   -  n2 

wR - I R.   -  1/2 V ^   ' P-o Bmln      1   1 IB 
+ 2y B 

,2 2 
t„ - I Ro "  1/2 V ^Ro  - ^     I + 2z 

^mln B...       I "2      ^/c-  v  ""2      ^     |   '   ""B (25) 

Now,   from the geometry of Figures B-2 and B-4, 

yB. 
yB = Xg tan ßß = xB 

max 

^x 

= x B 

Ri -VRi - X              +   Xg 
Amax          max 

,2 
' yA Hmax 

Vi - |R    - z 
\   2        Bmaxi 

2 

(26a) 

(26b) 

Amax    (26c) 

R2-B2-
ZB       f ^      \   d        "max/ 

4 

and 

'B, 
ZB = x^ tan T - x„ 

B 0 1 x 
max 

B, max 

'B_ max 
= x B -n R.  -  z 

2        ^la: 
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(edge view) 
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Figure B-4      Geometry of Section B 
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In the above forms,  the terms tan ßB and tan y can be 

readily evaluated.     We therefore show the cross-sectional area 

of Section B as 

VB wB        - (RT   - 1/2 
mln V^T PB     + 2xB tan ßB 

'B. mln 
^V -  |R0 - 1/2 V ^K - q    I   + 2x    tan 7 (28) 

where pB and q (see Flg. B-4)  can also be evaluated from known 

specimen dimensions.     If we now let 

2 tan ßB    =    m 

2 tan y n 

Xin " K - 1/2'^<~- 'B 

S -   lRo  -  iA V 4Ro   -  <*' 
mln 'B_._       \"2      -'-  v    "2 ■>V =    s (29) 

then 

VB    =    (r + m^)   (s + nxB) (30) 

and 

B 
P 
E 

3, max dx B 
(r + mx,,)   (s + nx^) ^B B^ 

P 
E 

In 
/b  + nxB 

nxB 
max 

m - ms lr + mx B/ 

(31) 
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for 

(m - ras / 0) 

B-2.3    Elongation of Section C 

Prom Figure B-2 It Is apparent that the cross-sectional 

area of Section C Is equal to 

Vc =   I wcmln 
+ 2yc I ^ (32) 

and that 

yc   =   R i-V^Tj XA     
+ ^     + xc    -  yA     + ^B       (33) max max 1 \    max max 1 

Therefore,  the cross-sectional area of Section C becomes 

w^        + 2R 
Cmln 

i-V^- +   X_ +   X, 
max ^max 

" 2 yA        + yC \ Kmax        ^max 
(3M 

Substituting Into Equation 2,  the elemental elongation Is 

d5c = 
P dx, 

Et, wc      + 2R1  - 2 V R2  -Ix        + xB      + xc)
2- 2 yA 

^mln        ■L 1     \ Ämax      ßmax      ü/ \ Ai 
+ ^B max       max 

80 
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, 

Integrating this equation gives an expression for the elonga- 

tion 

BC = 
p   X 

Et, 

/max     __-__ 
dxc 

xA      + xB      + 
max       max 

XC     -2 UA      * 1       \    max ^B max 

XC 
P     r   max dx. 

Et, 
WA ,  + 2R1 

mln 
2VR? X       * x        + xc 

max        max 
(36) 

where w W Rl' XA , xB      , and tc are all constants of known 
max       max 

value.    Again,   since the equation Is not directly Integrable,  It 

Is necessary to make the geometric simplifications that were made 

on Sections A and B.    After correcting y^ for the difference 

between the curved edge and its chord, the cross-sectional area 

becomes 

+ 2yc AC = wc. - (^ -  1/2 V^ Ri   - P§ 
mln 

Vn*0 ' (Rl ' 1/2^', "l ■ PC K + ^ (37) 

Now 

yc 
yc = xc tan ßc = xc 

max 

max' 

(38) 

where x^        can be detennined from known specimen dimensions 
max 
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1    ( 

and yc        can be determined from x«       and the known value of 
max max 

R,.    Therefore let 

wc .   ^ -Ri - V2V^ -Pc re ' J» ^mln \ J.        v i   w 
(39) 

and 

2tc tan ßc - kc (40) 

The cross-sectional area of Section C then becomes 

AC ^ ^C + kCxC (41) 

and 

p     i    max 
E 

dxc 

Jc + kcxc 

(42) 

P 
E In  {Jc  f  l<cxc) max 

(43) 

B-3    Qage-Length Correction Factor 

Prom Figures B-l and B-2,  It can be seen that the total 

elongation between points J and J1  Is 

'J-J'   =   6G 
+  2 (5A +    B + 6c) (44) 
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Therefore, the ratio Q between öj_j, and 6K_K, la 

4P 

Q - 5 
K-K' 

J-J'     ö0 + 2(5A + ÖB + 5C) 
(45) 

where 5^, aa indicated In Equation 1, Is given by 

Px 
5G - AE 

P XQ 

E An 

(46) 
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APPENDIX C 

COMPREHENSIVE  DATA PRESENTATION 

This section contains a presentation of all detail data 

for the eighteen different material/condition combinations 

tested.    These eighteen combinations are listed on the facing 

page,  along with the  first page of the section  in which the 

data appear.    Limited data are provided for two of the materials: 

D-979 was tested only in shear; and all unnotched tensile speci- 

mens of 440-C failed in  the grip rather than in the reduced 

cross section.    The data presented on all other material/condition 

combinations fall into two basic categories:     mechanical-property 

measurements and metallographlc examination. 

1.    Mechanical Properties 

All specimens were tested to fracture,  with the applied 

load and the resulting strain being recorded continuously.    Three 

methods of strain measurement were utilized:     extensometer,  rod- 

movement, and strain gage.    These are described in Section 

2.2.8.2.    A comparison of these methods is presented for a 

selected number of materials.    The primary strain method was 

considered to be the extensometer, which measured the strain 

that occurred between the specimen shoulders.    To obtain the 

strain that occurred within the 2-in.  gage  length, it was 

necessary to consider the  specimen geometry and calculate a 

correction factor.    An explanation of this correction factor is 

presented In Section 3.2 and described in detail in Appendix B. 

This  factor was applied to all strain data presented. 

8? 
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The detail data are presented for each Irradiated specimen, 

and the average values are compared with the average values 

from nonlrradlated control data obtained  from iieference 8.     A 

statistical analysis of these data Is presented  in Section  3.1. 

The stress-strain relationship for each material condition 

was plotted and Is presented In this appendix. 

2.    Metallographie Examination 

The purpose of the metallographlc examination was to 

determine  If the  test environment  can change the mechanisms of 

flow,  fracture,  and/or phase of engineering alloys. 

The metallographlc examination of the irradiated specimens 

was performed by the General Dynamics Engineering Test  Labora- 

tory.    The examination of the prelrradlated control specimens 

was accomplished by the Aerojet General Corporation.    Only 

that work accomplished by General Dynamics is presented  in  this 

report.    A radiation-effects comparison of these data will be 

performed by Aerojet General Corporation. 

The metallographlc data for each material/condition combi- 

nation presented in this appendix consist of the following: 

1. X-ray diffraction analysis of the strained and un- 
strained areas. 

2. Macrophotographs at 3X of the  fracture. 

3. Optical micrographs at  100X and  1,000X of the 
strained and unstrained areas. 

4. Electron micrographs at  15,000X of the strained 
and unstrained areas. 

5. Electron fractographs at  4,200X of notched and 
unnotched specimens. 
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For the convenience of the reader whose field Is not 

metallography, a brief glossary of terms   (Refs.    9    and   10) 

Is presented below: 

A needle-like  structure. Aclcular 

Cleavage Fracture 

Cleavage Plane 

Dendrlte 

Dimple 

Equlaxed 

Eutectlc 

Fatigue Strlatlon 

Glide Plane Decoheslon 

Inclusion 

Intermetalllc 

Matrix 

Fracture which exhibits little or no 
plastic deformation and occurs along 
well-defined crystallographlc  lattice 
planes. 

A crystallographlc lattice plane along 
which cleavage occurs. 

A crystal condition exhibiting a plne- 
tree-llke patterm. 

Concave depression on the fracture 
surface resulting from mlcrovold 
coalescence.    As the result of the 
state of stress during fracture,  the 
dimple shape may be elongated, oval, 
or equlaxed. 

Grains having essentially the same 
dimensions In all directions. 

An alloy having components in such 
proportions that the melting point  is 
the lowest possible with those compo- 
nents., 

A surface marking on a fatigue 
fracture representing the advance 
of the crack front during one cycle 
of loading. 

Separation of material by glide 
along a slip plane. 

Usually a foreign material - such as 
sulfides, oxides,  or silicates - that 
has been Induced during the melting 
operation. 

Formed compounds within the alloy due 
to the chemical composition and/or 
heat treatment of the alloy. 

The background or majority structure. 
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Mlorovoid 

Quasi-Cleavage 

Ripple Pattern 

Serpentine Glide 

Twinning 

Microscopic cavities formed In the 
metal during the fracturing process. 

A fracture resembling cleavage but 
exhibiting some plastic deformation. 

Partially smoothed-out areas of 
serpentine glide. 

An Inwoven pattern of glide plane 
decoheslon steps. 

A condition where a part of the 
crystal changes lattice orientation 
relative to the remainder of the 
crystal. 

4> 
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Table_J2=i_ 
Tensile and Shear Test Data 

Material     Aluminum A^6-T6       Spec I wen  Condition 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated       f 
Ultimate Strength (ksi) 44.7 42.8 
0.2% Yield Strength (ksi) 31.0 46.9 
Elongation  in Gage Length  (%) 1.5 2.03 
Reduction   in  Area (%) 2.8 0.77 
Ultimate Shear  Strength  (ksi) 50.4 ^5.7              1 

Notched  Specimens 
Ultimate  Strength (ksi) 39.7 43.2 

Ratios 
1      Notched- ült./ünnotched-UIt. 0.88 0.81            | 
I     Notched-'Ult./Unnotched-Yield 1.28 1.01           | 

Unnotched Specimens 

1 Specimen 
Number 

Ult.   Tensile 
Strength(ksi) 

Yield Strength 
0.2% Offset  (ksi) 

1  Reduction 
, in Area (%) 

Elongation 1 
1        (%) 

5 51.7 42.5 0.26 1.77        | 

1       6 55.5 .... 1.86 2.83 

9 50.7 41.0 0.40 1.77       j 

|       10 53.4 45.0 0.54 1.77 

|              No tched  Specimens Sh ear Specimens 

1 Specimen 
Number 

Ult. Tensile           { 
Strength (ksi)         1 

1   Specimen 
|     Number 

Ult. Shear 
Strength  (ksi) 

17 39.7 |          1 46.3 

18 4^.4 2 45.2 

|      21 46.2 1            3 45.4 

i      22 ^3.5                    1 4 Broke on rebound        | 
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Table^r£ 
X-Ray Di ffraction Data 

Material Aluminum A^56-T6 Spec Smen . LU 10 

ISTRAINED   AREAlUNSTRAI NED   A R E A| 

I                                          DIFFRACTION PATTERN                                           J 
1 Miller 

Indices 
(hkl) 

Interlattice 
Spacijig, d 

Relative 
Intensity 

{%) 

1 Interlattice 
Spacing, d 

(A) 

i      Relative       1 
Intensity 

1          l%) 

!   in 2.3^ 100 j        2.3^ 55            1 
|     200 2.03 10 2.03 25            1 

220 1.43 2 1.4U 100 

1     311 1.22 5 1.22 33 

1     222 1.17 2 1        1.17 6 

|     331 0.93 10 
1 1 

1 

LATTICE PARAMETER (1) 

111 4.05 4.05 

200 4.06 |                        4.06                         | 

220 4.04 4,07 

311 4.05 1                       4.05 

222 4.05                   ' 4.05                         | 

331 4.05 I                          --*                           1 

MICRGSTRESS.Ae 

0.25° (2Q = 78.2°) 

0.13° (2Q = 38.35°) 

Q.?^0 (RO Z 78^°) 

0.14° (29 = 38.35°) 

^ * 
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Material 

Table C-2 (cont'd) 
X-Ray Di ffraction Data 

Silicon Specimen LU 10 

ISTRAINED    AREAlUNSTRAINED   AREA| 

|                                          DIFFRACTION PATTERN                                            | 
1 Miller 
Indices 
(hkl) 

Interlattice 
I   SpeciJig, d 

Relative 
Intensity 

(%) 

1 Interlattice 
Spacing, d 

|      Relative 
Intensity 

(ft) 

ill 3.14 100 3.15 70 

220 1.92 30 1.92 35 

311 1.64 20 1.64 20              j 

i   422 1.10 5 1          1.11 5 

440 0.94 6 ! —-            l 

1531 0.91 45 0.91 100          1 

1   620 -_ __ 0.85    ^ 8           1 
533       I -- 

""■ 0.83 L         20            * 
LATTICE PARAMETER (X) 

~ ■ - - ■ 

MICROSTRESS i,A0 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum A356-T6 Neg.No. None 
sP«c'»nen —LU 10 Nefl.Mag. __2£ 

Etchant Photo En I argement .None 

Figure C-3 Aluminum A356-T6, Condition L: Macrophotograph 
Showing 3X Magnification of Specimen 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum A^6-T6 Neg.No. W20 

Specimen —LU_1Q Neg.Mag. 100X 

Etchant Keller'3 Photo En I argement _J!2S® 

•.V TtuTz v^V ?S£.,'V<C ^ rJfar . ,«• 

C O M M E N T S 

The microstructure shows a solid-solution aluminum 

matrix with an intermetallic Al-Si. The cored 

structure is typical of castings. 

Figure C-4 Aluminum A356-T6, Condition L: Optical Micrograph 
Showing 100X Magnification of Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Hater i a I Aluminum A356-T6 Neg.No. WgQ 

Specimen kU 10 . Neg.Mag. 1jOOOX 

Etchant Keller's Photo Enlargement None 

C O M M E N T S 

The microstructure shows a solid-solution aluminum 

matrix containing intermetallic Al-Si. The cored 

structure is typical of castings. 

Figure C-5 Aluminum A356-T6, Condition L: Optical Micrograph 
Showing 1,000X Magnification of Unstrained Area 
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METALLOGRAPH I C STUDY 

Material  Aluminum A336-T6 

Specimen  LU 10  

Etchant   Xeller'a  

Neg.No.     W^2 

Neg.Mag.-1221 

Photo En Iargement   None 

^ ^ 

$ 

COMMENTS 

The microstructare shows a solid-solution aluminum 

matrix with an Intermetalllc Al-Sl. The cored 

structure Is typical of castings. 

Figure C-6 Aluminum A356-T6, Condition L: Optical Micro- 
graph Showing 100X Magnification of General 
Strained Area 
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H E T A L L O G R APH I C S T U D Y 

Material Aluwlnua A356-T6 Neg.No. w2*6 

Specimen if02 Neg.Mag. 1,000* 
Etchant Keller's Photo Enlargement __None 

C O M M E N T S 

The microstructure shows a solid-solution aluminum 

matrix with an lntermetalllc Al-Sl. The cored 

struoture Is typical of castings. 

Figure C-7Aluminum A356-T6, Condition L: Optical Mlcro-
graph Showing 1,000X Magnification of General 
Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum A356-T6 Neg.No. W4^ 

Specimen L U 10 Neg.Mag. 10QX 

Etchant Keller's Photo En I argement _Noj2®. 

C O M M E N T S 

The mlcrostructure shows a solid-solution aluminum 

matrix with intermetallic Al-Si. The fracture is 

transgranular, occurring at the solid-solution-

aluminum/intermetallic Al-Si interface and through 

the Al-Si eutectic. 

Figure C-8 Aluminum A356-T6, Condition L: Optical Micrograph 
Showing 100X Magnification of Fracture Edge 
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M E T A L L 0 6 R A P H I C S T U D Y 

Material 

Specimen 

Etchant . 

Aluminum A356-T6 Neg.No. W47 

LU 10 Neg.Mag. ljOOOX 

Keller'? Photo En Iargement _None_ 

# ̂  V 
. vVl **'" *• " * 

• ' • •*; . 

- <S "'A •* •** 

» ' 

• 1,*:; *' •* • 

Viy-

1 .-<• v .'x . 

• ... • » \ \ .* 
V **' 1 v» S > , < 

- v. *• 

^ % 

C O M M E N T S 
The microstructure shows a solid-solution aluminum 

matrix with intermetallic Al-Si. The transgranular 

fracture occurred at the solid-solution-aluminum/ 

intermetallic Al-Si interface and through the Al-Si 

eutectic. 

Figure C-9 Aluminum A356-T6, Condition L: Optical Micrograph 
Showing 1,000X Magnification of Fracture Edge 

10U 



M E T A L L 0 6 R A P H I C S T U D Y 

Material 

Specimen 

Etchant . 

Aluminum A356-T6 Neg.No. W47 

LU 10 Neg.Mag. ljOOOX 

Keller'? Photo En Iargement _None_ 

# ̂  V 
. vVl **'" *• " * 

• ' • •*; . 

- <S "'A •* •** 

» ' 

• 1,*:; *' •* • 

Viy-

1 .-<• v .'x . 

• ... • » \ \ .* 
V **' 1 v» S > , < 

- v. *• 

^ % 

C O M M E N T S 
The microstructure shows a solid-solution aluminum 

matrix with intermetallic Al-Si. The transgranular 

fracture occurred at the solid-solution-aluminum/ 

intermetallic Al-Si interface and through the Al-Si 

eutectic. 

Figure C-9 Aluminum A356-T6, Condition L: Optical Micrograph 
Showing 1,000X Magnification of Fracture Edge 
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M E T A L L O G R A P H I C S T U D Y 

tutor ial Aluminum A356-T6 Neg.No. M>3-10 

Specimen L3L1Q Neg.Mag. 7/l?0QX 

Etchant Keller'9 Photo En I argement _2X 

M r. 

C O M M E N T S 

The microstructure shows the Al-Si eutectic (lower 

left) and solid-solution aluminum with insolubles 

(right). Note strain lines between the eutectic 

and the insolubles. 

Figure C-ll Aluminum A356-T6, Condition L: Electron Micrograph 
Showing 15,000X Magnification of Strained Area 
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METALLOGRAPHIC       STUDY 

Mater i a I     Aluminum A356-'r6 

Specimen     LU 10  

Etchant  NQIW  

Meg.No.     95-^ 

Nag.Mag.    2^10QX 

Photo Enlargement .EL 

COMMENTS 

The topography at the center of the fracture Is 

characterized by the brittle cleavage fracture of 

the Al-Sl eutectlc and by what is probably failure 

along the interface between the eutectic and the 

matrix. 
Figure C-12 Aluminum A356-T6, Condition L: Electron Practo- 

graph Showing 4,200X Magnification at Center of 
Fracture 
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METALLOQRAPHIC       STUDY 

Mattr i a I      Alvimai A356-T6 

SptcIntn      LU 10  

EUhtnt        Mont  

Mtg.No.    95-6 

Ntg.Mao. -2ii20X. 

Photo Enlargotnont      2X 

COMMENTS 

The topography near the edge of the fracture Is 

made up mainly of brittle Intermetalllo fractures 

and separation along the interface between the 

Al-Sl euteotlc and the matrix.    A few areas show 

shallow mlerovold failures of the matrix. 
Figure C-13   Aluminum A356-T6, Condition L: Electron Fracto- 

graph Showing 4,200X Magnification Near Sdge 
 of Fracture  % 

108 



M E T A L L O G R A P H I C S T U D Y 

Matar i a I Aluminum A356-T6 Neg.No. 9 7 - 5 

Specimen JjN ^ Neg.Mag. 2,1Q0X 

Etchant None Photo Enlargement 

C O M M E N T S 

The notched specimen fracture displays the same 

characteristics as the unnotched fractures: 

brittle internetallic failure, eutectic matrix 

separation, and isolated areas of shallow micro-

voids. 

Figure C-14 Aluminum A356-T6, Condition L: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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TablciLJ- 
Tenslle and Shear Teat  Data 

Material   Aluminum 6061-T6       Specimen Condition 

1               Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated  1 
Ultimate Strength (kai) 64.7 69.O 
0.2% Yield Strength (ksi) U6.5 55.0 

1  Elongation in Gage Length (%) 34.u 28.1 
Reduction in Area (%) 24.1 32.6 

1  Ultimate Shear Strength (ksi) 49.8 52.3 
Notched Specimens 

Ultimate Strength (ksi) 61.4 65.8 
! Ratios 

Notched- Ult./Unnotched-Ult. 0.95 0.95      ! 
1  Notched-Ult./Unnotched-Yield 1.32 1.19      1 

Unnotched Specimens 

Specimen 
Number 

Ult.  Tensile 
Strength(ksi) 

Yield Strength 
i.2% Offset (ksi) 

Reduction 
in Area {%) 

Elongation 
(%) 

^rlL 64.5 49.8 29i2 20.? 

2-78 7f?«6 Ail ^.9 19.8 

R-82 71.6 ^LO. ^.1, 18.8 
R-83 63.6 51.0 34.3 15.4 

761 72.8 60.0 iM. 16.3 

Notched Specimens             Shear Specimens 

| Specimen 
1 Number 

Ult. Tensile    U Specimen 
Strength (ksi)   i Number 

Ult. Shear    { 
Strength (ksi) 

\      2-89 62.I       |   1 53.2 

2-90 71.9       1   2 52.7 

2-93 60.9       I   3 50.0 

i  2-94 68.2       1   4 53.4       ] 
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Ttble^zil 
X-Rey Di f fraction Data 

Material     Aluminum 6061-To Specimen ULMl 

ISTRAINED    AREAlUNSTRAINED   AREA| 

\                                            DIFFRACTION PATTERN 
1 Miller 

Indices 
(hkl) 

1 Interlattice 
Spacing,  d 

1   Relative 
1  Intenaity 

(%) 

1 Interlattice 
Spacing, d 

(1) 
Relative       i 

;     Intensity 
(ft) 

111 2.3^ 20 1          2.3^ 60              1 

200 2.03 100 2.03 100 

1      220 1.40 30 i           1.40 55              1 

311 1.20 15 1.20 30 

222 

1     400 1.00 5 1.00 3 

331 0.92         I 2 0.92 6              I 

LATTICE PARAMETER (I) 

111 4.0^ 4.05                           i 

1    200 4.06 4.06 

1      220 3.96                    1 3.96 

311 3.98 3-98 

1     222 M 1                            —                              1 

1     400 4.00 4.00                         1 

i^l 4.01                     l 4.01 
MICROSTRESS,A0 

I          0.30°   (20  = 80.2°) 1        0.23°  (20 = 80.0°)              i 

0.19°  (20  = 44.7°) 0.16° (29 = 44.65°)            ! 

No Peak (2© = 78°)      1 No Peak (20 = 78°)              1 

IK; 



M E T A L L O G R A P H S T U D Y 

Mater i a I Aluminum 6061-T6 

Specimen LU R-83 

Neg.No. None 

Etchant None 

Neg.Mag. _32L 

Photo En Iargamant None 

aS® -

• , 
00 
Of 

Figure C-17 Aluminum 6061-T6, Condition L: Macrophotograph 
Showing 3X Magnification of Specimen 
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M E T A L L O G R A P H I C S T U D Y 

i«I Aluminum 6061-T6 Meg.No. W l 8 

Specimen LU R-83 Heg.Mag. 1Q0X 

Etchant Keller's Photo Enlargement None 

C O M M E N T S 

The microstructure shows the solid-solution aluminum 

matrix. The matrix contains fine Mg-Si precipitate 

and intermetallic compounds. 

Figure C-18 Aluminum 606I-T6, Condition L: Optical Micro-
graph Showing 100X Magnification of Unstrained 
Area 
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METALLOGRAPHIC       STUDY 

Material Aluminum 6061-T6 

Specimen      LU R-83 

Etchent        Kei:Ler's 

Neg.No.     w30 

Neo.Mao.-Il2221 
PhotO   Pnl«rg«imant       NonO 

m 

COMMENTS 

The mlcrostructure shows the solid-solution aluminum 

matrix with fine Mg-Sl precipitate and Intermetalllc 

compounds.    The precipitate outlining the grain 

boundary resembles that produced during a slack 

quenching in heat treatment. 

Figure C-19   Aluminum 606I-T6, Condition L: Optical Micro- 
graph Showing 1,000X Magnirication of Unstrained 
 Acsa ' 
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METALL06RAPHIC       STUDY 

Material Alvmlnvm &6l=l£ 

Specimen      LM R-8^  

Etchant        Keller's  

Neg.Mo.      w62 

Neg.Mag.    loox 

Photo Enlargement J!2I11 

<iSjS ^i^--^jft-r*^-.^ -.•r-:*;.-.:!:*r-' .;.:^' -^ >'.-.t 

COMMENTS 

The mlcrostructure shows the solid-solution aluminum 

matrix.    Pine Mg-Si precipitate and intermetallic 

compounds can be seen. 

Figure C-20    Aluminum 606I-T6,  Condition L:  Optical Micro- 
graph Showing 100X Magnification of General 
Strained Area 
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METALLOGRAPHIC       STUDY 

Mater i a I      Aluminum 6061-T6 

Specimen      LU R-83  

Etchant        Keller* B  

Neg.No. JW 

Neg.Mao. ^2221 

Photo Enlargement Ji2üi 

i 
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COMMENTS 

The micros true ture shows the solid-solution aluminum 

matrix with fine Mg-Sl precipitate and Intermetalllc 

compounds. 

• 

Figure C-21 Aluminum 6061-T6, Condition L: Optical Mi cro- 
graph Showing 1,000X Magnification of General 
Strained Area   
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METALLOGRAPHIC       STUDY 

Mater 111     Aluminum 6061-T6 

Specimen     LU R"Q3  

Etchent       K«ll«r^  

Neg.No.     w63 

NeQ.MeQ. ^ 

Photo Enlargement JÜ2Ü1 

'. n 

COMMENTS 

The mlcrcstructure shows the solid-solution aluminum 

matrix containing a  fine Mg-Sl precipitate and Inter- 

metalllc compounds.    The fracture Is transgranular. 

Figure C-22    Aluminum 6061-T6,  Condition L:  Optical Micro' 
graph Showing 100X Magnification of Fracture 

 Edge  
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METALLOGRAPHIC       STUDY 

Material      Aluminum 6061-T6 

Specimen      LU R-fo  

Etchant  tellfiElÄ  

Neg.No.     w53 

Neg.Mag. _itOOOX_ 

Photo Enlargement Ji2f2£. 

COMMENTS 

The mlcrostructure shows the solid-solution aluminum 

matrix containing fine Mg-Sl precipitate and Inter- 

metalllc compounds. The fracture Is transgranular. 

Figure C-23 Aluminum bObl-Tb, Condition L: Optical Mlcro- 
graph Showing 1,000X Magnification of Fracture 

 Edge  
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 101-4 

Specimen kV R-§^ Neg.Mag. 7.500X 

Etchant Kellsr' 8 Photo En I argement 

C O M M E N T S 

The mlcrostructure Is typical of a solid-solution 

aluminum alloy with insolubles. 

Figure C-24 Aluminum 6061-T6, Condition L: Electron Micro-
graph Showing 15,000X Magnification of Unstrained 
Area 
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METALLOQRAPHIC        STUDY 

Mater i a I      Aluminum 6061-T6 

Specimen ULMl  

Etchant        Keller's  

Neg.No.  101-8 

Neg.Mag. 7i500X 

Photo En I argement _2X. 

\ ? *lv % 
:.*■ < 

1 l        \ ,-     i    -   . 

V v^ 
;:<i 

*•'■     ^ 

^i: /jff 
#1 

I 

\ 

^ßti. 0 

** * 

.V' 

..9 ,»   I 

<yfz 

% 

COMMENTS 

The mlcrostructure shows the solid-solution aluminum 

matrix, insolubles, and grain boundaries.    The grain- 

boundary particles are normally not seen unless a 

slack quench has been performed. 

Figure C-25Aluminum 6061-T6, Condition L: Electron Micro- 
graph Showing 15,000X Magnification of Strained 
Area 
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METALLOGRAPHIC       STUDY 

Material     Aluminum 6061-T6 

Specimen      LU R-83  

Etchant _None  

Neg.Mo.     96-8 

M>0 Mag     ^100X 

Photo En Iargement   2X 

COMMENTS 

The fracture surface at the center of the speclmffn 

is made up almost entirely of oriented dimples formed 

by mlcrovold coalescence.    The  flat area In the lower, 

left-hand comer represents the  fracture of a brittle 

Intermetallic compound. 
Figure C-26 Aluminum 6061-T6, Condition L: Electron Fracto- 

graph Showing 4,200X Magnification at Center of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 96-11 

Specimen LU R-83 Neg.Mag. 2'100X 

Etchant None Photo En I argement __£•* 

C O M M E N T S 

The fracture surface near the edge consists of 

shallow dimples, internetallic-compound failures, and 

intermetallic-compound/parent-metal interface failures. 

Figure C-27 Aluminum 6061-T6, Condition L: Electron Fracto-
graph Showing 4,200X Magnification Near Edge of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 99-6 

Specimen LN 2-89 Neg.Mag. 2,100X 

Etchant None __ Photo Enlargement 2X 

C O M M E N T S 

The fracture consists of oriented and non-oriented 

microvoids. The area on the right shows some 

serpentine glide. 

Figure C-28Aluminum 6061-T6, Condition L: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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Table C-S 

Tensile and Shear Test Data 

Material Aluminum 6Q61-T6   Soarimen Condition LW 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated 
Ultimate Strength (ksi) 68.9 66.7 
0.2% Yield Strength (ksi) 56.9 52.6 
Elongation in Gage Length (%) 6.0 5.5 
Reduction in Area (%) 11.9 10.8 
Ultimate Shear Strength (ksi) 49.8 52.3 

Notched Specimens 
Ultimate Strength (ksi) 57.3 67.6 

Ratios 
Notched- Ult./Unnotched-Ult. 0.83 1,01 
Notched-Ult./Unnotched-Yield 1.07 1.29 

Unnotched Specimens 

Specimen 
Number 

Ult. Tensi le 
Strength(ksi) 

Yield Strength 
0.2% Offset (ksi) 

Reduction 
in Area (%) 

Elongation 
(%) 

3-78 73-9 57.1 9-9 7.4 

3-80 72.8 53.0 18.4 9.2 

3-82 65.3 54.9 9.1 4.6 

R-84 54.8 45.5 5.9 .88 

Notched Specimens             Shear Specimens*      | 

Specimen 
Number 

Ult. Tensile 
Strength (ksi) 

Specimen 
Number 

Ult. Shear 
Strength (ksi) 

3-90 66.6 

3-92 68.8 

3-94 68.6 

3-96 66.2        | 

*Not Applicable; 
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Mater ial 

Tableihl 
X-Ray  Diffraction  Data 

Aluminum 6ü6l-T6 Specimen LWU 3-80 

ISTRAINED    AREAlUNSTRAINED    AREAJ 

1                                             DIFFRACTION PATTERN                                               | 
{ Miller 
Indices 
(hkl) 

Inter lattice 
Spacijig,  d 

(Ä) 

Relative 
Intensity 

(%) 

1 Inter lattice 
Spacing, d 

Relative       1 
Intensity       1 

1     111 2.34 21 2.35 7             | 

1       200 2.03 100 |           2.25 
2.0-} 

2         i 
100               1 

1       220 1.43 14 I           1.44 25 

311 1.22 9 1.22 4 

1       222 

400 1.01 3 1.01 8             I 
331 0.93 2 0.91 2 

1 _ 1 
LATTICE PARAMETER (A) 

1    111 4.05          i 4.07 

200 4.06                     1 4.06 

220 4.04                     | 4.07                           1 

311 4.05                     i 4.05 

1      222 _                          1 ■■                                                                    1 

400 4.04 4.04                          1 

1      331 4.05                      1 3-97 
MICROSTRESS, Ad 

0.28°  (29 = 78°) !          0.23°  (20 = 78°)                    I 

0.20°  (20  =  44.6°)         1 0.15°  (20 = 44.6°) 

4 

y- 



M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. None 

Specimen LWU 3-80 Neg.Mag. 

Etchant None Photo En I argement _NojQ£ 

LWV -3 SO 

Figure C-31 Aluminum 606I-T6, Condition LW: Macrophotograph 
Showing 3X Magnification of Specimen 
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METALLOGRAPHIC       STUDY 

Mater I a I     Aluminum 6061-T6 

Specimen     W. ^-80  

Etchant       Keller's  

Neo.No.     W21 

Neg.Mag. -1221 

Photo Enlargement Ji2Il£. 

,r-".:,   •;'-'^'':. ../.:-•*:-. ••..?••- •-•,- f  ■ / z^';,-? 

1 .** f*\- ,tF*\i. x% 

•^^  •• ••••"■ -^^'^:.*      ■ *•:'. ,. i^y   -■ ■■'■'*>.■ s '&} 

•   ••     -v *;*•■•   •    T      •••.■.■.      •.  .    ^yV^^'« ••'"  A-^ '^ 
i-^.* ■ -  •■• '•* ■ •••.s'V-^v.;■'••.•'•;•-•'••'>•'•      ."•■•a"*-.vv^.;- • .^ 

< v.\ v/.«., >,'■■•• •-•.•-•>•■• •'•a:"; ••••" •.■•.'1L,HV- -.A-,   T^ 

.-.■.-;. •■■■. r- •. •.•;, >.r-- ;";-\■• *■ ^■<■..v :?';.•: wv.-.: 
a J • ■ .• ;J'*«,     »J •>• •' 

COMMENTS 

The mlcrostructure shows the solid-solution 

aluminum matrix with Inclusions and Al-Sl 

eutectlc. 

m 

Figure C-32 Aluminum 60D1-T6, Condition LW: Optical Micro- 
graph Showing 100X Magnification of Unstrained 
Area 
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METALLOGRAPHIC STUDY 

Mater i a I     Aluminum 6Q61-T6 

Specimen     IAW 1=80  

Neg.No.     ^27 

Neg.Mag. J^000X_ 

Etchant       Keller's Photo Enlargement ÜSIie. 

* — ■ •• * *. ^ • • - _ 

'f         ^ • •»      .4      •• •.  • v  ^ ••• ^Bf- •      ü , 

<     r '-.,.••     -, ••■• . ^' -• • •.•-.,.-:V;.1.-:- v •     TP •• ■      ■ 

COMMENTS 

The mlcrestructure shows the solid-solution aluminum 

matrix containing Inclusions and Al-Sl eutectlc. 

Figure C-33 Aluminum 6061-T6, Condition LW: Optical Micro- 
graph Showing 1,000X Magnification of Unstrained 
 Area  
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METALLOGRAPHIC STUDY 

Material  Aluminum 6061-T6 

Specimen  ^U 3-80  

Etchant       Keller's  

Neg.No.     w39 

Neg.Mag.   100X 

Photo Enlargement J1221 

COMMENTS 

The mlcrestrueture shows the parent metal (left) 

and weld metal  (right) Interface.    Note the pro- 

nounced grain boundaries of the heat-affected zone 

in the matrix. 

Figure C-34    Aluminum 6061-T6,  Condition IM: Optical Micro- 
graph Showing 100X Magnification of Parent Metal 
and Weld Interface 
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METALLOGRAPHIC        STUDY 

Material     Aluminum 606I-T6 

Specimen      LWIJ 3-80  

Etctant       Keller's  

Neg.No.     ^6 

Neo.Mao.-ii2221 

Photo Enlargement Ji2Iil 

COMMENTS 

The mlcrostructure shows the solid-solution aluminum 

matrix, the Al-Sl eutectlc, and Inclusions.    Note 

the clarification of the grain boundaries of the heat- 

affected zone In the matrix. 

Figure C-35    Aluminum 6061-T6,  Condition LW: Optical Micro- 
graph Showing 1,000X Magnification of Parent 

       Metal and Weld Interface  
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METALLOGRAPHIC       STUDY 

Mater I a I     Aluminum 6061-T6 

Specimen     LW 3-80  

Etchant       Keller'e  

Neg.No.  w38 

Neg.Mag. 100X 

Photo Enlargement JlSHl 

COMMENTS 

The mlcrostructure shows the dendritic pattern In 

the weld zone and the transgranular nature of 

the fracture through the weld. 

v 

Figure C-36 Aluminum 6061-T6, Condition Urf: Optical Micro- 
graph Showing 100X Magnification of Fracture 
 Edge  
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METALLOGRAPHIC        STUDY 

Mater I a I     Aluminum 6061-T6 

Specimen      LWU ^-80  

Etchant        Keller's 

Meg.No.      W37 

Neg.Mag.    1«000X 

Photo Enlargement JioüL 

COMMENTS 

The micro structure shows the aluminum matrix, 

the Al-Sl eutectlc, and the transgranular 

nature of the fracture through the weld. 

•4* 

Figure C-37    Aluminum 606I-T6,  Condition LW:  Optical Micro- 
graph Showing 1,000X Magnification of Fracture 
 Edge  
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HETALL06RAPHIC       STUDY 

Mater I • I     Aluminum 606I-T6 

Specimen     IMV V99  

Etchtnt       Keller's  

Neg.No.  101-5 

Neg.Mag. 7i^oox 

Photo Enlargement _2*. 

COMMENTS 

The mlcrostructure shows the solid-solution 

aluminum matrix with Insolubles.    Note the 

large circular Inclusion site. 

Figure C-38    Aluminum 606I-T6,   Condition LW: Electron Micro- 
graph Showing 15,000X Magnification of Uh- 
 strained Area  
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 104-3 

Specimen LWU 3-80 Neg.Mag. 7»500X 

Etchant Keller1 s Photo En I argement _22L 

C O M M E N T S 

The microstructure shows the solid-solution 

aluminum matrix; the Al-Si eutectic, and in-

soluble s. 

Figure C-39 Aluminum 606I-T6, Condition LW: Electron Micro-
graph Showing 15,000X Magnification of Strained 
Area 

143 



M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Nea.Nn. 92-11 

Specimen UrfU 3-80 Meg.Mag 

Etchant None Photo En I argement 

C O M M E N T S 

The topography at the center of the fracture has 

the characteristics of a dimple rupture. Failure 

occurred along the eutectic/natrix interface and 

through the eutectic. 

Figure C-40Aluminum 6061-T6, Condition LW: Electron Fracto-
graph Showing 4,200X Magnification at Center of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 606I-T6 Neg.No. 92-12 

Specimen IAfU 3-Q0 Neg.Mag. 2>100X 

Ptnhant None Photo En Iargement 

C O M M E N T S 

The topography near the edge of the fracture is 

composed of an oriented dimple rupture. Areas 

of probable oxidation can be noted. 

Figure C-41 Aluminum 606I-T6, Condition LW: Electron Fracto-
graph Showing 4,200X Magnification Near Edge of 
Fracture 
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M E T A L L O S R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 99-9 

Specimen IA*N 3-90 Neo.Mag 

Etchant None Photo Enlargement.^, 

C O M M E N T S 

The notched fracture topography Is made up of dimples, 

with eutectlc at the base of the dimples. In some 

areas, the fracture appears to follow the eutectlc/ 

matrix Interface. 

Figure C-42 Aluminum 6061-T6, Condition LW: Electron Practo-
graph Showing 4,200X Magnification of Notched 
Fracture 
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Table C-7 

Tensile and Shear Test Data 

Material  Aluminum 6061-T6  Specimen Condition TW 

Averaged Data (-4230F) 

I Unnotched Specimens Control Irradiated        1 
1      Ultimate Strength  (ksi) 67.3 71.6 

0.2% Yield Strength   (ksi) 47.4 57.6 
|       Elongation   in Gage Length  (%) 9.0 7.34 
I      Reduction  in Area  (%) I6.3 21.6 
\      Ultimate Shear  Strength  (ksi) 49.8 52.3 

Notched Specimens 
Ultimate Strength   (ksi) 56.5 65.2 

1  Ratios 
Notched-Ult./Unnotched-Ult. 0.84 0.91             1 

1      Notched-Ult./Unnotched-Yield 1.19 1.13             1 

Unnotched Specimens 

1 Specimen 
Number 

Ult.  Tensile 
Strength(ksi) 

1   Yield Strength 
0.2* Offset (ksi) 

Reduction 
in Area (%) 

Elongation 1 
1       (%) 

3-31 74.5 59.0 23.1 6.7          1 

1       3"32 73.3 57.8 14.5 9.2 

3-35 65.I 57.0 22.9 4.1          1 

3-36 73*8 56.5 25.7 9.4          1 

Notched Specimens                                 Shear Specimens* 

| Specimen 
Number 

Ult.  Tensile 
Strength  (ksi)         ! 

Specimen 
Number 

Ult.  Shear            1 
Strength (ksi)       | 

3-42 62.4 

3-44 68.0 

3-46 65.0 

3-48 Broke on rebound          ' 

♦Not Applicable 
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Material 

Table C-U 
X-Ray Di ffraction Data 

Aluminum oOol-Tb Specimen      TWU 3-36 

ISTRAINED    AREA|UNSTRAINED   AREAJ 

|                                             DIFFRACTION PATTERN                                               | 
| Miller 
Indices 

1   (hkl) 
1 Inter lattice 

SpaciiiOi d 
Relative 
Intensity 

(«) 

1 Inter lattice 
Spacing,  d 

Relative       | 
i      Intensity 

1%) 

1    111 2.3^ 25 2.35 35             j 

!     200 2.03 100 1          2.25 
1           2.03 

2 
100 

1      220 IM 30 1.44 20               | 

311 1.22 10 1.22 78 

222 1.17 1 1.17 2               | 

1     köO 1.01 4         ! 1.01 5             1 

331 0.93 3 0.93 2               j 

LATTICE PARAMETER (!) 

1   111 40.5                    I 4.07 

200 U.Ob 4.06                         j 

i      220 4.0M 4.07 

311 4.05               _j 4.05                          | 

j      222 4.05 4.05                        | 

1      UOO 4.04 4.04                       J 

1      331 4.05                    I 4.05                         I 

MICROSTRESS,A0 

I        u.270 (29 = 78.2°) |         0.18°  (20 = 78.0°) 

0.18° (20 = 44.7°) 0.13°  (20 = 44.5°)             j 

1 •- 

<* 



M E T A L L 0 6 R A P H I C S T U D Y 

Matftr i a I Aluminum 6061-T6 Neg.No. None 

Specimen TWU 3-36 Neg.Hag. _1*_ 
Ftnhant None Photo Enlargement None 

TWU 3-3(> 

Figure C-45 Aluminum 6061-T6, Condition TW: Macrophotograph 
Showing 3X Magnification of Specimen 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Aluminum 6061-T6 

Specimen ™ 3-36 

Etchant Ke l l e r ' s 

Neg.No. W 1 9 

Neg.Mag. 100X 

Photo Enlargement None 

"r -• ••<**»• OSwQT»-.«av- . 

C O M M E N T S 

The microstructure shows the aluminum matrix 

with Inclusions and Al-Sl eutectlc. 

Figure C-46 Aluminum 6061-T6, Condition TW: Optical Micro-
graph Showing 100X Magnification of Unstrained 
Area 
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M E T A L L O G R A P H I C S T U D Y 

Materia I Aluminum 606I-T6 Neg.No. None 

Specimen TWU 3-36 Neg.Mag. _~L* 

Ft chant None Photo Fn I argument None 

Figure C-45 Aluminum 6061-T6, Condition TW: Macrophotograph 
Showing 3X Magnification of Specimen 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Aluminum 6061-T6 

Specimen ™ 3-36 

Etchant Ke l l e r ' s 

Neg.No. W 1 9 

Neg.Mag. 100X 

Photo Enlargement None 

"r -• ••<**»• OSwQT»-.«av- . 

C O M M E N T S 

The microstructure shows the aluminum matrix 

with Inclusions and Al-Sl eutectlc. 

Figure C-46 Aluminum 6061-T6, Condition TW: Optical Micro-
graph Showing 100X Magnification of Unstrained 
Area 
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METALLOGRAPHIC       STUDY 

Mater I a I      Aluminum 6061-T6 Nag.No.      w29 

Specimen _TWU_3-36_ 

Etchant        teller's 

Neg.Maq.    h™™ 

Photo Enlargement JüSIil 

...; .:-#*-- ^;>1.,;. •>•*>:.•. ,,•••* -■■■■■£■ ■ 
.vrf*^ 

COMMENTS 

The microstructure shows the aluminum matrix 

containing Inclusions and Al-Sl eutectlc. 

I 1 

* 1 

Figure C-47 Aluminum 606I-T6, Condition TW: Optical Micro- 
graph Showing 1,000X Magnification of Unstrained 
 Area  
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Aluminum 6061-T6 

Specimen TWU 3-36 

Etchant Ke l l e r ' s 

Neg.No. w5° 

Neg.Mag. 1Q0X 

Photo FnIargument None 

•».>**> 1 ;'ivS4 

•*k <3f«B 

C O M M E N T S 

The mlcrostructure shows, on the left, the aluminum 

matrix, eutectic, and inclusions and, on the right, 

the columnar structure of the weld metal. The grain 

boundaries are accentuated in the heat-affected zone 

of the matrix. 

Figure C-48 Aluminum 6O0I-T6, Condition TW: Optical Micro-
graph Showing 100X Magnification of Parent Metal 
and Weld Interface 
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METALLOGRAPHIC       STUDY 

Mater I a I     Aluminum 6061--T6 

Specimen      TWU 3-36  

Etchant        K61161,18  

Meg.Mo. _WÜ9. 

Neg.Mag.   h222* 

Photo Enlargement Ji2Iil 

COMMENTS 

The mlcrostructure of the parent metal/weld Inter- 

face shows the aluminum matrix with Inclusions and 

eutectlc. 

Figure 0-^9    Aluminum 606I-T6,  Condition TW: Optical Micro- 
graph Showing 1,000X Magnification of Parent 

  Metal and Weld Interface  
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METALLOGRAPH  I  C STUDY 

Hater I a I     Aluminum 6061- 

Spaclwan     ™ 3-36 

.T6 

Etchant       KBller's 

Neo.No.     w^ 

Nao.Mao.^2E. 

Photo Enltrgamant JiSfil 

COMMENTS 

The microstrueture of the fracture edge shows the 

dendritic aluminum matrix with eutectlc.    The 

fracture was transgranular and through the weld. 

Figure C-50    Aluminum 606I-T6,  Condition TW: Optical Micro- 
graph Showing 100X Magnification of Fracture 

^ Edge  
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M E T A L L O G R A P H I C S T U D Y 

Mat«r ia I Aluminum 6061-T6 Neg.No. w^8 

Specimen TWU 3-36 Neg.Mag • ^ 
Etchant Keller1 s Photo Enlargamant None 

C O M M E N T S 

The microstrueture of the fracture edge shows 

the aluminum matrix with eutectic. The fracture 

was transgranular and through the weld. 

Figure C-51 Aluminum 606I-T6, Condition TW: Optical Micro-
graph Showing 1,000X Magnification of Fracture 
Edge 
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M E T A L L O S R A P H I C S T U D Y 

Material Aluminum 6061-T6 Nea.No. 102-3 
— — V • 

Specimen . 2-3$ Neg.Mag. 7,500K 

Etchant Keller's Photo Enlargement 2X 

C O M M E N T S 

The electron micrograph of an unstrained area shows 

the general structure of a solid-solution aluminum 

matrix with insolubles. 

Figure C-52 Aluminum 6061-T6, Condition TW: Electron Micro-
graph Showing 15,000X Magnification of Unstrained 
Area 

160 



M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. J-02"1 

Specimen TWU 3-36 Neg.Mag. 7>500X 
Etchant Keller's Photo Enlargement 

C O M M E N T S 

The electron micrograph of the weld area shows a 

matrix of solid-solution aluminum, eutectlc in the 

grain boundary, and insolubles. 

Figure C-53 Aluminum 6061-T6, Condition TW: Electron Micro-
graph Showing 15,000X Magnification of Strained 
Area \ 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 NeQ.No. 96-1 

Specimen w u 3-36 Ne0.Ma0. 2'10QX 

Etchant —None Photo Enlargement^. 

C O M M E N T S 

The fracture surface at the center of the specimen 

is characterized by the brittle fracture at the 

eutectic and the failure at the eutectic/matrix 

interface. Note the directional effect. 

Figure C-5^ Aluminum 6061-T6, Condition TW: Electron Practo-
graph Showing U,200X Magnification at Center of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Nag.No. 96-3 

Specimen —TWU 3-36 Meg.Mag 

Etchant None Photo Enlargement 

C O M M E N T S 

The surface near the edge of the fracture shows an 

oriented dimple rupture. There is evidence of fail-

ure through and around the eutectic. The surface 

condition is thought to be oxidation. 

Figure C-55 Aluminum 6061-T6, Condition TW: Electron Fracto-
graph Showing 4,200X Magnification Near Edge of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 99-2 

Specimen ^ 3-46 _ _ Reg.Mag. 2'10QX 

Etchant Photo En I argement _£•* 

C O M M E N T S 
The notched specimen fracture surface shows a dimple 

rupture with eutectlc at the origins of the voids. 

In some areas the fracture appears to follow the 

eutectic/matrix Interface. 

Figure C-56 Aluminum 6061-T6, Condition TW: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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Table    C-q 
Tensile and Shear Test Data 

Material     Aluminum 6Q61-T6       Specimen Condition     LW  (as welded) 

Averaged  Data (-U230F) 

Unnotched Specimens Control 1rradlated 
Ultimate Strength  (ksl) 61.5 hh.i 
0.2% Yield  Strength  (ksl) 3M 34.4 
Elongation   in Gage Length   (%) 13.76 3.4 
Reduction   in  Area (%) 23.7 3.7 
Ultimate Shear  Strength  (ksl) 

Notched Specimens 
Ultimate Strength  (ksl) 42.1 41.1 

Ratios 
Notched- Ult./Unnotched-Ult. 0.68 0.93 
Notched-Ult./Unnotched-Yield 1.23 1.19 

Unnotched Specimens 

Specimen 
Number 

Ul t.  Tens!le 
Strength(ksi) 

Yield Strength 
0.2% Offset (ksl) 

Reduction 
in Area (%) 

Elongation 
(%) 

724 43.1 35.2 5.1 3.2 

725 47.2 31.0 4.9 4.1 

726 38.2 35.7 2.0 1.4 

760 47.9 35.5 2.9 4.9 

Notched  Specimens                                   Shear  Specimens* 

Specimen 
Number 

Ult. Tensile 
Strength (ksl) 

Specimen 
Number 

Ult.  Shear 
Strength (ksl) 

727 35.2 

728 42.3 

3-114 45.6 

*Not Applicable 
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Tablei^lO 
X-Ray DIffraction Data 

Material Aluminum 606l-T6 Sn-rim-n          LWU   726 

[STRAINED  AREA |U N S T R A 1 NED   A R E A| 

|                                           DIFFRACTION PATTERN                                             { 
1 Miller 

Indices 
(hkl) 

1 Interlattice 
Spacijig, d 

Relative 
Intensity 

(«) 

1 Interlattice 
Spacing, d 

Relative 
Intensity 

(ft) 

1    111 2.34 30 2.34 50             ! 

200 2.03 100 2.03 100 

220 1.43 8 1.43 35 

311 1.22 10           1 I       1.22 18            1 

1     222 1.17 3 1.17 2               1 

i     400 1.01 7 1.01 6            1 

331 0.93 3 0.93 6            1 

LATTICE PARAMETER (A) I 
1   111 4.05 |                        4-05                         1 

200 4.06 4.06                         1 

220 4.04 4.04                          | 

311 4.05 i                          4.0L'                           1 

1      222 4.05                     ! 4.05                           1 

1     400 4.04                      1 1                         4.04                          1 

1     331 4.05 4.05                         | 
MICROSTRESS,A« 

0.21° (20 = 78.15°) 0.23° (20 = 78.1°)              ! 

0.15° (20 = 44..70)        ! !        0.17° (20 = 44.6°)             i 
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M E T A L L O G R A P H I C STUDY 

Material Aluminum 6061-T6 Neg.No. None 

Specimen . LW" 726 Meg.Mag. 3X 

Etchant Photo Enlargement None 

Figure C-58Aluminum 606I-T6, Condition LW (as welded): 
Macrophotograph Showing 3X Magnification of 
Specimen 
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METALLOGRAPHIC STUDY 

Mater i a I     Aluminum 606I-T6 

Specimen     LW 726  

Etchant       Keller's  

Meg.Mo.     w31 

Neg.Mag. J221 

Photo Enlargement Ji2l2£. 

COMMENTS 

The mlcrostructure shows a solid-solution 

aluminum matrix,  Al-Sl eutectlc,  and In- 

soluble s. 

Figure C-59    Aluminum 606I-T6,  Condition LM (as welded): 
Optical Micrograph Showing 100X Magnification 

 of Unstrained Area  
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METALLOGRAPH IC STUDY 

Hater 111     Aluminum 6061-T6 

Specimen      I^U 726  

Etchtnt       ailSllS  

Neg.No.     W26 

Neg.Mag.   ^ooox 

Photo EnlargementJiSIll 

COMMENTS 

The micros true ture shows the solid-solution 

aluminum matrix containing the Al-Sl eutectic and 

Insolubles. 

Figure C-60Aluminum 606I-T6,  Condition Urf (as welded): 
Optical Micrograph Showing l,00OX Magnification 

 of Unstrained Area  
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METALLOGRAPH   I   C        STUDY 

Mater;a I     Aluminum 6061-T6 

Specimen     WV 726  

Etchant       Keller's  

Meo.No.     W61 

Meg.Ma0. .1221 

Photo Enlargement Ji2i21 

COMMENTS 

The micros true ture shows the structure of the "as- 

welded" material, the heat-affected zone, and the 

base material. 

Figure C-61    Aluminum 6061-T6,  Condition IM (as welded): 
Optical Micrograph Showing 100X Magnification 
of Parent Metal and Weld Interface  
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. w52 

Specimen 726 Neg.Mag. IJOOOX 

Etchant Keller13 Photo Enlargement None 

C O M M E N T S 

The mlcrostructure shows the solid-solution aluminum 

matrix, the Al-Si eutectic in the grain boundaries 

of the weld material, and insoluble particles. 

Figure C-62 Aluminum 6061-T5, Condition LW (as welded): 
Optical Micrograph Showing 1,000X Magnification 
of Parent Metal and Weld Interface 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Aluminum 6061-T6 

Specimen 726 

Etchant 

Neg.No. w 6° 

— Neg.Mag. 1 Q 0 X 

K e l l e r ' s Photo En I argement 

C O M M E N T S 

The microstructure shows the structure jf the un-

treated weld material. The fracture path appears 

to be partly lntergranular and partly transgranular. 

Figure C-63 Aluminum 606I-T6, Condition LW (as welded): 
Optical Micrograph Showing 100X Magnification 
of Fracture Edge 

m 



M E T A L L O G R A P H I C S T U D Y 

C O M M E N T S 

The microstructure shows the aluminum-matrix, 

the Al-Si eutectic in the grain boundaries, and 

insolubles. The fracture edge is not clear, but 

the fracture path appears to be intergranular and 

transgranular. 

Motor in I Aluminum 6061-T6 Neg.No. w53 

Specimen LW 726 Neg.Mag. 1^000x 

Etchant Keller's Photo Enlargement None 

Figure C-64 Aluminum 606I-T6, Condition LW (as welded): 
Optical Micrograph Showing 1,000X Magnification 
of Fracture Edge 
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METALL06RAPHIC        STUDY 

Mater i a I      Aluminum 6061-T6 

Specimen      LWJ 726  

Etchant        jfeller^  

Neg.No. IQlz™ 
Neg.Mag. J^OOX_ 

Photo Enlargement _iL 

"^ 

COMMENTS 

The microatrueture shows the solid-solution 

aluminum matrix and a large Inclusion site. 

4k 

Figure C-65Aluminum 6061-T6, Condition LW (as welded): 
Electron Micrograph Showing 15,000X Magnifica- 
tion of Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. lo6~1 

Specimen LWU 726 Neg.Mag. 7>500X 

Ptrhant Keller's Photo Enlargement 2* 

C O M M E N T S 

The microstructure of the weld area shows the solid-

solution aluminum matrix and a grain boundary contain-

ing Al-Si eutectic. 

Figure C-66 Aluminum 6O0I-T6, Condition LW (as welded): 
Electron Micrograph Showing 15,000X Magnlfica-
tlon of Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. 94~9 

Specimen L W U ^ 6 Neo.Mag. 2'1Q0X 

Ptrhant None Photo Enlargement.^. 

C O M M E N T S 

The fractograph of this area near the center of 

the specimen shows a dimple rupture. Certain areas 

show the failure through the brittle eutectic; the 

fracture was transgranular within this area. 

Figure C-67Aluminum 6061-T6, Condition LW (as welded): 
Electron Fractograph Showing 4,200X Magnifica-
tlon at Center of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neo.No. 9̂ -10 

Specimen LWU 726 Neg.Mag • * 

Etchant __None Photo En I argement _2X 

C O M M E N T S 

The fracture shown in this photo, taken of an area 

near the edge, is almost entirely through and around 

the brittle eutectic phase. 

Figure C-68 Aluminum 606I-T6, Condition LW (as welded): 
Electron Practograph Showing U^OOX Magnifica-
tlon Near Edge of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Materia I Aluminum 6061-T6 Neg.No. 99-10 

Specimen LWN 727 Neg.Mag. 2,100^ 

Ftrhant. None Photo Enlargement.^ 

C O M M E N T S 

The fracture of the notched specimen is through 

and around the brittle eutectic. 

Figure C-69 Aluminum 6061-T6, Condition LW (as welded): 
Electron Practograph Showing 4,200X Magnifica-
tion of Notched Fracture 
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Tabla Oll 

Tensile and Shear Test Data 

Material  Aluminum 6Q61-T6   Spur!man Condition   TW (as welded) 

1                                         Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated        1 
Ultimate Strength  (ksl) 5^.9 

34.4 
^5.6 

0.2% Yield Strength  (ksi) 30.6 
\      Elongation  In Gage Length  (%) 6.8 5.4 
i      Reduction  In Area (*) 12.5 5.4 

Ultimate Shear  Strength   (ksi) 
Notched  Specimens 

|      Ultimate Strength  (ksl) 31.8 37.9 
| Ratios 

Notched-Ult./Unnotched-Ult. 0.58 0.83 
i      Notched-Ult./Unnotched-Yield 0,92 1.24            1 

I                                               Unnotched Specimens 

1 Specimen 
Number 

Ult.  Tensile 
Strength(ksl) 

Yield Strength 
0.2% Offset (ksl) 

I   Reduction 
j In Area (%) 

Elongation 1 
1       (%)        1 

717 48.0 34.5 5.2 4.7       1 
718 43.4. 29.S 5.2 4.7       1 
719 45,8 28.5 5.5 6.7       1 

1      720 46.1 29.6 5.6 5.6       1 

1               Notched Specimens                                 Shear Specimens* 

1 Specimen 
1    Number 

Ult.  Tensile           |   Specimen 
Strength (ksi)         1    Number 

Ult. Shear           1 
Strength (ksl)       | 

1      288 47.5                    i 

721 36.3 

722 32.2 

723 35.9 

■** 

*Not Applicable 
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Table C-l? 
X-Ray  Di ffraction Data 

Mater ial Aluminum 6061-T6 Rn-ri««n         TWU717 

[STRAINED    AREAlUNSTRAI NED   A R E A| 

|                                          OIFFRACTIOM PATTERN                                           ] 
1 Miller 

Indices 
(hkl) 

Inter lattice 
Spaciiig, d 

Relative 
Intensity 

(ft) 

1 Interlattlce 
|   Spacing,  d 

Relative      1 
Intensity 

(ft) 

ill 2.34 20 1         2.35 65             1 

200 2.03 100 2.03 100          1 

220 1.43 15            1 1.^3 55 

311 1.22 10            1 1.22 30             1 

222 1.17 4              j 

1    400 1.01 4 1.01 5            1 

331 0.93 3 0.93 6             j 
1 

LATTICE PARAMETER il) 

111 4.05 4.07 

200 4.06 4.06 

1     220 4.04 4.04                         j 

311 4.05 ^.05                         1 

i   222 _                         1 4.05                ! 

!    400 4.04                     | 4.04 

1    331 4.05 4.05 
MICROSTRESS, A« 

0.23°  (20 =  78.0°) 0.23° (2Ö = 78.05°) 

0.16° (20 = 44.6°) 0.16° (20 = 44.55°) 
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M E T A L L O G R A P H I C S T U D Y 

Matur i• I Alumlnun 6061-T6 Neg.No. None 

Specimen TWU 717 Neg.Mag. 

Etchent Photo Enlargement None 

Figure C-71 Aluminum 606I-T6, Condition TW (as welded): 
Macrophotograph Showing 3X Magnification of 
Specimen 
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H I T A L L O f i R A P H I C S T U D Y 

Mater ia! JL; ^nlnuro 6061-T6 Neg.No. w l 6 

Specimen ^ 1 717 Neg.Mag. 

EtchaiU Keller1 s Photo Enlargement None 

C O M M E N T S 

The microstructure In the unstrained area shears 

the solid-solution aluminum matrix and insolubles. 

Figure C-72 Aluminum 6061-T6, Condition TW (as welded): 
Optical Micrograph Showing 100X Magnification 
of Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 

Specimen T W U 717 

Etchant K e l l e r ' s 

Neg.No. W23 

Neg.Mag. ljOOOX 

Photo En I argement JJJon®. 

l i M ; . ' • t*vr, > .• \ * - - T / i f L j I S V* • V*' ' i ' . Vn . V * ; • r,. ' ' t , , JW I M *| 

2 

C O M M E N T S 

The mlcrostructure In the unstrained area shows 

the solid-solution aluminum matrix and insolubles. 

Figure C-73 Aluminum 6061-T6, Condition TW (as welded): 
Optical Micrograph Showing 1,000X Magnification 
of Unstrained Area 
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METALLOGRAPH   I   C STUDY 

Mater i a I     Aluminum 606I-T6 

Specimen      TWU 717  

Etchant       Keller's  

Neg.No.     ^0 

Neg.Mag.   100x 

Photo Enlargement J12Ü1 

COMMENTS 

The ralcrostructure shows the normal matrix and 

the cast structure of the weld at the weld/ 

matrix Interface. 

Figure C-Jk    Aluminum 606I-T6,   Condition TW (as welded' 
Optical Micrograph Showing 100X Magnification 

 of Parent Metal and Weld Interface  
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METALLOGRAPHIC       STUDY 

Mtter I a I      Alumima 606I-T6 

Specimen      ^P 717  

Etchtnt        ltelle^'',  

Nog.No. _J[!t 

Neg.Mea.    ±222* 

Photo Enlargement J!2!1L 

«^ 

^ 

9 

COMMENTS 

The mlorostructure ahowa the solid-solution aluminum 

matrix, the weld-metal matrix, and the Al-Sl euteotlo. 

Figure C-75    Aluminum 606I-T6,  Condition TW (as welded): 
Optical Micrograph Showing l,00OX Magnification 

 of Parent Metal  and Weld  Tntftrf«™»  
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METALLOGRAPHIC       STUDY 

>. Mater I a I      Aluminum 6061-T6 

Specimen      ™ W  

Etchant        Keller,8  

Neg.Mo. _^Ll 

Neg.Mag.    100x 

Photo Enlargement J[221 

COHHENTS 

The fracture profile ahowa a fracture path that 

Is primarily Intergranular through and along the 

brittle eutectlo. 

•* * 

Figure C-76    Aluminum 606l-T6#  Condition TV (aa welded) t 
Optical Micrograph Showing 100X Magnification 
 of Fracture Edge  
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Neg.No. wi*5 

Specimen TWU 717 Neg.Mag. 1,0Q0X 

Etchant K^ler's Photo En lament None 

C O M M E N T S 

The fracture profile shows a fracture path that 

Is primarily intergranular through and along the 

brittle eutectic. 

Figure C-77Aluminum 606I-T6, Condition TW (as welded): 
Optical Micrograph Showing 1,0Q0X Magnification 
of Fracture Edge 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 6061-T6 Hag.No. 1 0 1 - 7 

Specimen T w u 717 Neg.Mag. 7,500X 

Etchant Keller's Photo Enlargement 2X 

C O M M E N T S 

The electron micrograph shows a typical, unstrained, 

solid-solution alumln'im matrix with Insolubles. 

Figure C-78 Aluminum 6061-T6, Condition TW (as welded): 
Electron Micrograph Showing 15,000X Magnifica-
tlon of Unstrained Area 
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H E T A L L O G R A P H I C S T U D Y 

Maturial Aluminum 6061-T6 Heg.Ho. 1 Q 5-7 

Specimen T W U 717 Heg.Mag. _7i500X____ 

Ftrhant Keller's Photo En I argement 

C O M M E N T S 

The micrograph shows the weld matrix and the Al-Sl 

eutectlc. 

Figure C-79 Aluminum 606I-T6, Condition TW (as welded): 
Electron Micrograph Showing 15,000X Magnifica-
tlon of Strained Area 
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M E T A L L 0 3 R A P H I C S T U D Y 

Matarial Aluminum 6061-T6 Neg.No. 9^-^ 

Specimen TWU 717 Nog.Mag. 2'1QQX 

Ftrhant None Photo En I argement 

C O M M E N T S 

The fracture at the center of the specimen Is 

mainly through the brittle eutectic and along 

the eutectic/matrix Interface. 

Figure C-80Aluminum 606I-T6, Condition TW (as welded): 
Electron Fractograph Showing 4,200X Magnifica-
tion at Center of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Aluminum 6061-T6 Meg.No. 9^-5 

Specimen TWJ 737 Neg.Mag. 2 ' 1 Q 0 X 

Etchant None Photo En I argement 

C O M M E N T S 

The fracture at the edge of the specimen is the 

same as that seen at the center of the specimen, 

I.e., through and adjacent to the brittle eutectic. 

Figure C-81 Aluminum 606I-T6, Condition TW (as welded): 
Electron Fractograph Showing 4,200X Magnifica-
tlon Edge of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Mater ia j Aluminum 6061-T6 Neg.No. 98-12 

Specimen TWN 721 Neg.Mag. 2> 100X 

Etchant None Photo En I argement _2X 

C O M M E N T S 

The picture shows a low-ductility fracture, mainly 

through the eutectic and along the eutectic/matrix 

Interface. 

Figure C-82 Aluminum 606I-T6, Condition TW (as welded): 
Electron Fractograph Showing 4,200X Magnifica-
t.1on of Notched Frar.turft 
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TableJ^ll. 
Tensile and Shear Test Data 

Material  Aluminum 7075»T6  Specimen Condition 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated 
Ultimate Strength (ksi) 110.4 113.4 

104.3 0.2% Yield Strength (ksi) 99.1 
Elongation in Gage Length (%) 6*4 4.1 
Reduction In Area (%) 7.0 7.9 
Ultimate Shear Strength (ksi) 95.2 8O.3 

Notched Specimens 
Ultimate Strength (ksi) 70.5 75.5 

Ratios 
Notched- Ult./Unnotched-Ult. 0.64 O.67 
Notched-.Uit./Unnotched-Yield 0.71 0.72 

Unnotched Specimens 

Specimen 
Number 

Utt, Tensile 
Strength(ksi) 

Yield Strength 
0.2* Offset (ksi) 

Reduction 
In Area (%) 

Elongation 
(%) 

101 111.1 102.0 9.4 5.0 

102 111.6 104.0 7.5 3.5 

105 115.4 104.5 6.7 3.4 

106 115.5 106.5 8.0 4.6 

Notched Specimens Sh ear Specimens 

Specimen 
Number 

Ult. Tensile 
Strength (ksi) 

Specimen 
Number 

Ult. Shear 
Strength (ksi) 

113 69.O 1 83.1 

114 77.6 2 8^.1 

117 80.2 3 79.1 

118 75.3 4 75.8 
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Table C-l4 
X-Ray Diffraction  Data 

Mater i a I        Aluminum 7Q75-T6 Specimen LU 106 

S T R A  1   N E D  AREAIUNSTRAI NED   AREA 

DIFFRACTION PATTERN 

Miller 
Indices 
(hkt) 

Inter lattice 
Spacijig,  d 

Relative 
Intensity 

(%) 

Inter lattice 
Spacing, d 

11) 

Relative 
Intensity 

(%) 

111 2.34 27 2.35 29 

200 2.03 100 
2.25 
2.03 

2 
100 

220 1.43 48 1.44 49 

311 1.22 14 1.23 2 

222 1.17 2 

400 1.02 3 1.01 5 

331 0.93 3 0.93 1 

LATTICE PARAMETER (I) 

111 4.05 4.07 

200 4.06 4.06 

220 4.04 4.07 

311 4.05 4.08 

222 _ 4.05 

400 4.06 4.04      • 

331 4.05 4.05 
MICROSTRESS, Ad 

O.300(20  = jQiO0) 0.25° (2Ö = 78.OO) 

0.200  (2Q = 44.6°) 0.16° (20 = 44.550) 
♦ 
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Mater i a I Aluminum 7075-T6 

Specimen L u 10 6 

Etchant None 

Neg.No. None 

Photo En I argement 

LU to6 

Figure C-84 Aluminum 7075-T6, Condition L: Macrophoto-
grapn Showing 3X Magnification of Specimen 

206 



M E T A L L O G R A P H I C S T U D Y 

Mater i a I Aluminum 7Q75-T6 

Specimen 10 6 

Etchant f i l e r ' s 

Neg.No. w24 

Neg.Mag. 100X 

Photo FnIargamant None 

>r +** 
• i' f \ 7 •: 

& 

C O M M E N T S 

The optical micrograph shows a structure typical 

of the 7075-T6 wrought material - solid-solution 

aluminum containing a fine precipitate and nonmetallic 

inclusions. The primary hardening constituent is a 

Zn-Mg lntermetalllc precipitate. 

Figure G-85 Aluminum 7075-T6, Condition L: Optical Micro-
graph Showing 100X Magnification of Unstrained 
Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 7075-T6 Neg.No. Wg5 

Specimen — L U 1 0 6 — Neg.Mag • * 

Etchant K e l l e r > s Photo En Iargement J!22* 

C O M M E N T S 

The micrograph shows an unstrained area of the specimen. 

Pine precipitate particles and nonmetallic inclusions 

can be seen in the solid-solution aluminum matrix. 

Figure C-86 Aluminum 7075-T6, Condition L: Optical Micro-
graph Showing 1,000X Magnification of Unstrained 
Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 7075-T6 Neg.No. Wg5 

Specimen — L U 1 0 6 — Neg.Mag • * 

Etchant K e l l e r > s Photo En Iargement J!22* 

C O M M E N T S 

The micrograph shows an unstrained area of the specimen. 

Pine precipitate particles and nonmetallic inclusions 

can be seen in the solid-solution aluminum matrix. 

Figure C-86 Aluminum 7075-T6, Condition L: Optical Micro-
graph Showing 1,000X Magnification of Unstrained 
Area 

208 



M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 7Q75-T6 Nftg.Nn. w58 

Specimen 10 ° Neg.Mag. lj|0QQA 

Etchant Keller's Photo En I argement 

* V * * >• : 

C O M M E N T S 

The optical micrograph of a strained area shows 

fine precipitate particles and nonmetallic in-

clusions in solid-solution aluminum. 

Figure C-88 Aluminum 7075-T6, Condition L: Optical Micro-
graph Showing 1,000X Magnification of General 
Strained Area 
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M E T A L L 0 6 R A P H I C S T U D Y 

Material Aluminum 7075-T6 Neg.No. w^6 

Specimen L U 106 Meg.Mag. 100x 

Etchant Keller's Photo Fn I argpment None 

C O M M E N T S 

The path of the fracture is primarily transgranular. 

Figure C-89 Aluminum 7075-T6, Condition L: Optical Micro-
graph Showing 100X Magnification of Fracture 
Edge _____ 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 7Q75-T6 Neg.No. w59 

Specimen LU 106 Neg.Mag. 1>QQ0X 

Etchant Keller's Photo Enlargement None 

C O M M E N T S 

The optical micrograph of the fracture profile shows 

the fracture to be primarily transgranular. Note 

the strain line revealed by the etchant. 

Figure C-90 Aluminum 7075-T6, Condition L: Optical Micro-
graph Showing 1,000X Magnification of Fracture 
Edge 
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HETALL06RAPHIC STUDY 

Mater I a I  Alunlnum JOJ5-T6 

Specimen  LU 106  

Etchant   Keller's  

Neo.No. _10£± 

M^0 M«0    7,300X 

Photo Enlargement ^L 

* 

la *s{ 

COMMENTS 

The electron metallograph shows the solid-solution 

aluminum matrix with a grain-boundary Intersection 

and fine Insolubles. 

Figure C-91    Aluminum 7075-T6,  Condition L: Electron Mlcro- 
graph Showing 15*00ÜX Magnification of Iftistraln- 

  ed Area 
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HETALL06RAPHIC       STUDY 

Mattrial     Aluminum 7075-T6 

Specimen     LU 106  

Etchant       Keller's 

Meg.Ho. _J02=6_ 

Nep.Mag.   7,300X 

Photo Enlargement _^L 

COMMENTS 

The photograph shows the solid-solution aluminum 

matrix with grain boundaries and fine insolubles. 

Figure C-92Aluminum 7075-T6,   Condition L: Electron Micro- 
graph Showing 15,000X Magnification of Strained 
Area 
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M E T A L L 0 6 R A P H I C S T U D Y 

Mater i a I Aluminum 7075-T6 Neg.No. 95-11 

Specimen 10 ̂ Neg.Mag. 2*100x 

Etchant None Photo En I argement 

C O M M E N T S 

The fractograph shows a microvoid and glide-plane 

decohesion fracture mode with some intergranular 

areas. 

Figure C-93Aluminum 7075-T6, Condition L: Electron Fracto-
graph Showing 4,200X Magnification at Center of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 7Q75-T6 Neg.No. 95-8 

Specimen HJ 106 Neg.Mag. 2.100X 

Ftehant None Photo En I argement ___2X 

C O M M E N T S 

The fracture near the edge of the specimen Is made 

up of glide-plane decohesion, small oriented micro-

voids, and some lntergranular areas. The fracture 

of an lntermetalllc compound is appp^ent. 

Figure C-94 Aluminum 7075-T6, Condition L: Electron Fracto-
graph Showing 4,200X Magnification Near Edge of 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Aluminum 7Q75-T6 Neg.No. 97-6 

Specimen LN 113 Neg.Mag. 2*10QX 

Ftchant. None Photo Enlargement.^. 

C O M M E N T S 

This fractograph of the notched specimen shows 

small microvoid regions and some intergranular 

fracture. 

Figure C-95 Aluminum 7075-T6, Condition L: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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Teble^zlS. 
Tensile and Shear Test Data 

Material ^flialaag Steel 347C Specimen Condition 

Averaged Data (-4230F) 

1 Unnotched Specimens Control Irradiated       1 
Ultimate Strength (ksi) 117.3 115.4 
0.2% Yield Strength (ksi) 83.0 80,2 

1      Elongation  in Gage Length  {%) 7.7 7.3 
\      Reduction  in Area (%) 8.8 6.4 

Ultimate Shear Strength  (ksi) 
Notched Specimens 

Ultimate Strength (ksi) 99.2 102.3 
1 Ratios 

Notched- Ult./Unnotched-Ult. 0.85 0.89 
1     Notched-Ult./Unnotched-Yield 1.20 1.28          1 

1                                             Unnotched Specimens 

1 Specimen 
i   Number 

j Ult. Tensile 
Strength(ksi) 

|   Yield Strength 
0.2% Offset (ksi) 

Reduction 
in Area (%) 

Elongation 1 
(%) 

173 109.9 94.0 6.5 8.8       1 
174 119.5 76.0 6.7 7.4       1 

177 118.5 83.0 7.8 8.5       1 
|      178 113.7 68.0 4.6 4.6       1 

j               Notched Specimens Sh ear Specimens*              1 

1 Specimen 
Number 

Ult. Tensile 
Strength (ksi) 

Specimen 
Number 

Ult. Sheer 
Strength (ksi)       ! 

185 98.0 

1      186 102.2 

189 100.4 

1      190 
108.5                      1 

*Not Applicable 
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Tableüilö 
X-Ray Di ffraction Data 

Material. Stainless Steel 3^70 Specimen    . LU 178 

STRAINED    AREAIUNSTRAINEDAREAI 

DIFFRACTION PATTERN                                             j 
Miller 
Indices 
(hkl) 

Inter lattice 
Spacijig, d 

Relative 
Intensity 

(«) 

Inter lattice 
Spacing,  d 

(ih 
Relative 
Intensity 

(ft) 

111 2.09 100 2.08 100 

110 2.03 21 2.03 10 

200 i.8o 50 1.44 5 

220 1.25 5 

211 1.17 26 

LATTICE PARAMETER (X) 

111 3.62 3.60 

110 2.87 2.87 

200 ß.60 2.88 

220 • 3.54 

211 2.87 - 

MICR0STRESS,A9 

0.150 (20 = 50.8°) 0.13° (20 = 51.0°) 

No Peak (2Ö = 129°) No Peak (20 = 129°) 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3*7C Neg.No. None 

Specimen LU 178 . Neg.Mag. 

Etchant —None Photo Enlargement Wone 

L U 176 

Figure C-97 Stainless Steel 3̂ 7C, Condition L: Macro-
photograph Showing 3X Magnification of Specimen 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3̂ 7C Neg.No. w 8 

Specimen L U Neg.Mag. - ̂ 0QX 

F+„hfln» 100 Amonlum Persulfate phfttn Enlargements*^ 

C O M M E N T S 

The microstructure consists of a high Cr-Fe phase 

(dark) - carbides (black) In a matrix of austenite 

(light). 

Figure C-98 Stainless Steel 3^7C, Condition L: Optical 
Micrograph Sh .lng 100X Magnification of Un 
atrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Malarial Stainless Steel 3*7C Hm? Un 9W 

Specimen — L U 1 7 8 Neg.Mao. 1'000x 

Etchant 10* Amonlum Persulfate F n|, r n^ w t None 

C O M M E N T S 

The microstructure shows clearly the high Cr-Fe 

phase - carbides (black) in a matrix of austenite 

(light). 

Figure C-99 Stainless Steel 3^7C, Condition L: Optical 
Micrograph Showing 1,000X Magnificstion of 
Unstrained Area 
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M E T A L L O G R A P H I C S T U O Y 

Material Stainless Steel 3^70 Neg.No. 

Specimen LU 178 Neg.Mag. 1Q0X 

Etchant 10% Amonlum Persulfate Photo FnIarqamant None 

C O M M E N T S 
The microstructure of a high Cr-Fe phase (dark) 

is shown - carbides (black) in a strained matrix 

of austenite. The areas of high strain exhibit 

general darkening due to preferential etching. 

Figure C-100Stainless Steel 3^7C, Condition Ls Optical 
Micrograph Showing 100X Magnification of 
General Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3W Nefl.No. W5 

Specimen LP 178 Neg.Mag. ^ 0 0 0 x 

Etchant 10* Amonlum Persulfate Phft„ £n Iargement ISSH1 

C O M M E N T S 

The microstructure shown is a partially transformed 

austenite matrix with a high Cr-Pe grain boundary-

phase. The transformation occurs only on the 

austenitio slip planes. 

Figure C-101 Stainless Steel 347C, Condition L: Optical 
Micrograph Showing 1,000X Magnification of 
General Strained Area 
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M E T A L L 0 6 R A P H I C S T U D Y 

Material Stainless Steel 3̂ 7C Neg.No. w7 

Specimen LP 178 Neg.Mag. 100X 

Ftrhant 10% Amonlum Persulfate phn+ft En I argement Ji22®. 

C O M M E N T S 

The areas of high strain exhibit general darkening 

due to preferential etching. 

Figure C-102 Stainless Steel 3̂ 70, Condition Lt Optical 
Micrograph Showing 100X Magnification of 
Fracture Edge 
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M E T A L L O G R A P H I C S T U D Y 

Material Sta lnleas Steel 3^70 Neg.No. JH± 

Specimen L U 1 7 8 Neg.Mag. 1*0Q0X 

Etchant 10* Amonlum Persulfate Enlargement 

C O M M E N T S 

The microstructure exhibits both intergranular and 

transgranular fractures. The austenite shows the 

high strain while the high Cr-Fe phase is not affected. 

Figure C-103Stainless Steel 3^7C, Condition L: Optical 
Micrograph Showing 1,000X Magnification of 
Fracture Edge 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3 W Neg.No. 1Q3-^ 

Specimen LU 178 Neg.Mag. T>5Q0X 
ctrhant 10* Amonlum Persulfate Rhntn Enlargement^ 

C O M M E N T S 

The microstructure shows the austenlte matrix with 

some chromium-rich ferrite. The large particle 

along the austenlte grain boundary Is a carbide, 

as are the smaller particles In the ferrite. 

Figure 0-104Stainless Steel 3̂ 7C, Condition L: Electron 
Micrograph Showing 15>000X Magnification of 
Unstrained Area 
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-      »--.M.-.     T-.   .,.-,., 

METALLOGRAPH  IC STUDY 

Hater I■I      Stilnless Steel 347C 

Specimen      £g 178  

Neg.No.  103-6 

Neg.Mag. J^OOX 

Etchent   10^ Aaonlum Persulfate    Phntn Enlargement Jl 

^» 

COMMENTS 

The mlcrostructure consists of the chromium-rich 
ferrlte and austenlte with partially transformed 
areas.    The bands running through the austenlte 
?rains are  (ill) planes thought by other Investigators 
Refs. 11  & 12) to be made up of (hep) or epsilon 

martensite.    Alpha martenslte is also present.    It 
Is felt that the different textured area near the 
ferrite/austenite interface is alpha martenslte. 

Figure C-105    Stainless Steel 3^70,  Condition Lx Electron 
Micrograph Showing 15,000X Magnification of 

 Strained Area  
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3̂ 7C M«9iln 93-10 

Specimen L U Neg.Mag. 2,100X 

Etchant None Photo En I argement 

C O M M E N T S 

The fracture surface of this area at the center of 
the specimen is made up of large quasi-oleavage facets 
and what appear to be grain-bouudary fractures between 
the facets. The area in the middle of the photograph 
shows evidence of the failure of the high Cr-Fe phase. 
The area on the right represents the fracture of one 
large austenitic grain, quite possibly through or adja-
cent to the bands in Figure C-105 running through the 
austenite grain. 

Figure C-106a Stainless Steel 347C, Condition L: Electron 
Fractograph Showing 4,200X Magnification at 
Center of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3̂ 7C Nefl.No. 93-11 

Specimen LU 178, Neo.Mao • * 

Etchant—None Photo En I argement 

C O M M E N T S 

The fracture surface in this area at the center of 

the specimen shows grain boundary fracture (in the 

upper left-hand corner), microvoid formation (at the 

center), and fracture through the ferrite phase (lower 

half of the picture). 
Figure C-106b Stainless Steel 3*7C, Condition L: Electron 

Fractograph Showing 4,200X Magnification at 
Center of Fracture 
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M E T A L L O G R A P H I C ,S.TU DY 

Material Stainless Steel 3^7C Meg,Ho. 93-2 

Specimen LU 178 Neg.Mag 

Etchant Photo En I argement 

C O M M E N T S 
The fracture surface at the edge of the specimen 

exhibited the same characteristics as at the centers 

large quasl-cleavage facets, some Intergranular fracture 

at the austenlte/ferrlte interface, and Isolated areas 

of microvoid fracture. 

Figure C-107Stainless Steel 3470, Condition L: Electron 
FraCtograph Showing 4,200X Magnification 
Near Edge of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3^7C Neg.Mo. 1 0 ° -5 

Specimen I*_l85 Neg.Mag • * i 

Etchant —Hone Photo Enlargement 

\ • :m- / A 
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• > ' Jr jJr 
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C O M M E N T S 

The fracture Is a reflection of the cast structure. 

The Individual facets are a very brittle cleavage 

type. 

Figure C-108Stainless Steel 3470. Condition L: Electron 
Fractograph Showing 4,200X Magnification of 
Notched Fracture 
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TebleJIzll. 
Tensile and Shear Teat Data 

MatUrinl Stainless Steel 347 Specimen Condition 

Averaged Data (-U230F) 

Unnotched Specimens Control irradiated 
Ultimate Strength (kai) No Data 227.0 
0.2% Yield Strength (ksi) 84.5 
Elongation  in Gage Length (%l 35.0 
Reduction  in Area (%) 28.0 
Ultimate Shear Strength, (kai) 150.2 

Notched Specimena 
Ultimate Strength (kai) 135.2 

Ratios 
Notched- Ult./Unnotched-Olt. 0.6 
Notched-Ult./Unnotched-Yield 1.60 

Unnotched Specimena                                          1 

Specimen 
Number 

UU. Tensile 
Strength(ksi) 

Yield 'Streng tli 
0.2S Offset (ksi) 

Reduction 
in Area {%) 

Elongation 

701 235.6 91.0 29.1 39.4 

702 246.5 
■ ? 

74.0 28.5 36.8 

703 220.8 89.0 30.0 37.0 

704 205.3 84.0 23.9 30.8 

1               Notched Specimena Sheer Specimens 

Specimen 
Number 

Ult.  Tenaile 
Strenath (ksi) 

Specimen 
Number 

Ult. Sheer 
Strenath (ksi) 

705 130.8 1 151.8 

706 134.3 2 146.4 

707 140.4 3 15*.7 

708 135.1 4 147.9 
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Material 

Table C-l8 
X-Ray Di ffraction Data 

Stainless Steel 3^7 Specimen LU 702 

[STRAINED    AREA|UNSTRAINEDAREA| 

|                                           DIFFRACTION PATTERN                                             | 
| Miller 

Indices 
(hkl) 

1 Interlattice 
Spacing, d 

Relative 
[  Intensity 

{%) 

1 Interlattice 
1   Spacing, d 

1      Re 1 at i ve       | 
i      Intensity      j 

1    111 \           2.08 100           ! 

!   no i           2.03 100 

i     200 1.80 55 

1     220 !           1.27 9          1 

I     211 1.15 87 j          1.08 20 

LATTICE PARAMETER (A) 

1     m      1 1                       3.60                        | 

!    no 3.52 - 

1     200 _ 3-60                        j 

j     220       ' -                         j 3.59 

211 2.82 - 

MICROSTRESS,A« 

!       0.33° (20 = 52.4°) |        0.140  (20 = 52.40)          J 

j        No Peak  (20 =  129°) No Peak  (20 =  129°) 
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M E T A L L O G R A P H I C S T U D Y 

Mat AT i a I Stainless Steel 347 Neg.No. None 

Specimen LU 702 Nefl.Mafl. i 

Etchant None Photo En I argement 

LlX 7o Z- i 

Figure C-lll Stainless Steel 347, Condition L: Macro-
photograph Showing 3X Magnification of Specimen 
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HETALL06RAPHIC STUDY 

Hater i 11      Stainless Steel 347 

Specimen      feg 702  

Eichent        105< Amonlum Persulfate 

Neo.Mo.    Wll 

Neg.Mag. ^221 

PhotO   Pnlarqumunt None 

COMMENTS 

The austenltic mlorostruoture shows the original 

annealing twins and carbide dispersion. 

Figure C-112   Stainless Steel 347, Condition L: Optical 
Micrograph Showing 100X Magnification of 
Unstrained Area 
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M E T A L L 0 6 R A P H I C S T U D Y 

Material Stainless Steel 347 Neg.No. W10 

Specimen LU 702 Neg.Mafl. 1*000* 

Ftnhant 10# Amonlum Persulfate Phn»n En I argement __None 

C O M M E N T S 

The austenltlc microstructure shows the original 

annealing twins and carbide dispersion. There 

appears to be some carbide (and grain boundary) 

sensitization. 

Figure C-113 Stainless Steel 347, Condition L: Optical 
Micrograph Showing 1,000X Magnification of 
Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Stainless Steel 347 

Specimen LU 702 

Neg.No. w7° 

Neg.Mag. •L 0 0 X 

Etchant 10$fe Amonlum Persul fa te Photo En Iargamflnt None 

V W;. *•' S S . <<L •: • •> -
"JT- » m ' * 2A 1 r^Lt 1 <• •» 

*• •*.« •***.• -t • '• .^''T+ • £.* 
. . 4 A - . ... , V'.' ."'jL 

C O M M E N T S 

The austenltlc microstructure of a strained area 

shows large areas of nonmetallic Inclusions. 

Figure C-114 Stainless Steel 347, Condition L: Optical 
Micrograph Showing 100X Magnification of 
General Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Stainless Steel 347 

Specimen 702 

Etchant 10# Amonlum Persulfate 

Neg.No. w 8° 

Neg.Mag. 1,000X 

Photo Enlargement J122L 

•M * 

m 
/ 

C O M M E N T S 

The austenitlc microstructure shows carbide dis-

persion through the matrix. 

Figure 0-115 Stainless Steel 347, Condition L: Optical 
Micrograph Showing 1,000X Magnification of 
general Strained Area 
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H E T A L L O G R A P H I C S T U D Y 

Material S ta in less Steel ^47 Neg.No. W69 

Specimen LU 70? Neg.Mag. 1Q0X 

etchant 10# Amonlum Persulfate Phn+n Fnlarnftmant None 

V. • • kV. -V ^.v4•• V i • * 
^ v ^ ' , v 
C O M M E N T S C O M M E N T S 

The optical micrograph of the fracture edge shows 

the austenltlc mlcrostructure with large areas 

of nonmetallic inclusions. 

Figure C-116 Stainless Steel 347, Condition L: Optical 
Micrograph Showing 100X Magnification of 
Fracture Edge 
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METALLOGRAPH I C STUDY 

Mater i a I  Stainless Steel 3^7 

Specimen  LU 702  

Etch ant   10^ Amonlum Persulfate 

Meg.No. J**L 

Neg.Mag.   hS™i 

Photo Enlargement J!2Eil 

:   *• 

^'X. v '1I~ 

tu$ 
V .v 

. ^ t. 

COMMENTS 

The micrograph of the fracture edge shows the 

austenltlc structure with large areas of non- 

metallic Inclusions.    The fracture Is primarily 

transgranular. 

Figure C-117    Stainless Steel 3^7$ Condition Li Optical 
Micrograph Showing 1,000X Magnification of 
 Fracture Edge  
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M E T A L L 0 6 R A P H I C S T U D Y 

Material Stainless Steel 347 Neg.No. 103-1 

Specimen LP 703 Neg.Mao. 7,500X 

Etchant 10* Amonlum Persulfate En I argement 

Figure C-118 Stainless Steel 347, Condition Ls Electron 
Micrograph Showing 15,000X Magnification of 
Unstrained Area 

C O M M E N T S 

The structure shows annealing twins in austenite 

and fine carbide dispersion. The texture reveals 

grain orientation. 
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M E T A L L C G R A P H I C S T U D Y 

Material Stainless Steel 3^7 Nao.Nn- 105-5 

Specimen L U ?°2 Neg.Mag. 7»500X 

Ftrh«nt 10* Amonlum Persulfate Phfttn EnIargement _i£ 

general structure shows austenitic grains and 
boundaries. Within the austenite there 

_r, to be at least a partial transformation to 
martensite. The clearly defined particles are 
carbides. The large holes are carbides loosened 
during straining and removed during polishing. 

Figure C-119 Stainless Steel 347, Condition Ls Electron 
Micrograph Showing 15,000X Magnification of 
Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel 3^7 Neo.No. 92-1 

Specimen — L U ^02 Neg.Mag • 

Etchant —5!2!1® Photo En largement 

C O M M E N T S 

The fracture surface at the center of the specimen 

is composed of nonoriented dimples of random size, 

indicating a ductile failure. 

Figure C-120Stainless Steel 347, Condition L: Electron 
Fractograph Showing 4,200X Magnification at 
Center of Fracture 
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M E T A L L 0 6 R A P H I C S T U D Y 

' Material Stainless Steel 347 NeQ.No. 92-4 

Specimen L U 702 Neg.Mag. 2,100X 

Etchant None Photo Enlargamant 2X 

C O M M E N T S 

The fracture surface near the edge of the specimen 

is composed of oriented dimples typical of a ductile 

shear failure. Many of the dimples contain particles, 

probably carbides. 

Figure C-121 Stainless Steel 347, Condition L: Electron 
Fractograph Showing 4,200X Magnification Near 
Edge of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Mataria I S ta in less Steel 3^7 Nag.No. 97-9 

Specimen m 705 Neo.Mag. 2,100X 

Etchant None Photo En largement _§£, 

C O M M E N T S 

The fractograph shows a completely microvoid type 

of fracture, indicating a ductile failure mode. 

The pitted appearance is probably due to oxidation. 

Figure C-122 Stainless Steel 3^7, Condition L: Electron 
Fractograph Showing 4,200X Magnification of 
Notched Fracture 
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Tible C-1Q 
Tensile and Shear Test Data 

Materiai   Stainless Steel 347 Specimen Condition LW 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated 
Ultimate Strength (ksi) 224.2 229.5 
0.2% Yield Strength (ksi) 97.0 63.0 
Elongation   in Gage Length {%) 27.1 28.2 
Reduction   in  Area (%) 20.8 23.7 
Ultimate Shear Strength  (ksi) 152.4 150.2 

Notched Specimens 
Ultimate Strength (ksi) 136.5 126.9 

Ratios 
Nolched- U11./Unnotched-U11. 0.61 0.55 
Notched-Ult./Unnotched- Yield 1.41 2.01 

Unnotched Specimens                                           1 

Specimen 
Number 

Ult.  Tensile 
Strsngth(ksi) 

Yield Strength 
0.2* Offset (ksi) 

Redictlon 
In Area (%) 

Elongati««! 
(SI 

198 227.0 60.0 35.2 26.4 

200 226.5 63.0 19.1 26.7 

202 224.3 54.0 20.0 29.5 

204 240.1 75.0 20.3 30.0 

4 > 

•4* 

Notched  Specimens                                 Shear Specimens* 

Specimen 
Number 

Ult. Tensile 
Strength (ksi) 

Specimen 
Number 

Ult.   Shear 
Strength (ksi) 

210 125.3 

212 124.8 

214 130.5 , 

216 Broke on rebound 

*Not Applicable 
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TableJLi2P 
X-Ray Diffraction Data 

Mater ial       Stainless Steel  3^7 Specimen LWU 204 

> 

STRAINED    AREA |U N S T R A 1 NED   A R E A| 

DIFFRACTION PATTERN 

Miller 
Indices 
(hkl) 

Inter lattice 
Spacing,  d 

Relative 
Intensity 

(») 

Inter lattice 
Spacing,  d 

Relative 
Intensity 

(%) 

111 2.07 100 

110 2.03 100 

200 1.44 25 1.80 60 

220 1.27 15 

211 1.17 40 1.08 20 

LATTICE PARAMETER (I) 

111 - 3.59 

110 2.87 - 

200 2.88 3.60 

220 - 3-59 

211 2.87 2.64 

MICR0STRESS.A9 

0.32°  (20 = 52.4°) 0.15°  (20 = 51.1°) 

No Peak (20 =  129°) No Peak  (20 - 129°) 
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M E T A L L O G R A P H I C S T U D Y 

Material S ta in less Steel 3^7 

Specimen 204 

Etchant None 

Neg.No. N o n e 

Neg.Mag. _32L 

Photo En I argement Ji22®. 

L, VOiA 2»OY 

Figure C-126 Stainless Steel 3^7, Condition LW: Macro-
photograph Showing 3X Magnification of 
Specimen 
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HETALL06RAPHIC        STUDY 

Hater i a I       Stainlesa Stael 3^7 

Specimen        IJWU 20»  

Etchent IQjt Amoniu« Persulfate 

Neg.No.       W17 

Neg.Hag.      loox 

Photo Enlarqewnt   Won* 

COMMENTS 

The mlorostruoture ooaprlses an auatenltlo (gi 

phase) matrix with fine oarbldea. 

Figure C-127    Stainless Steel 3^7« Condition DTI (^ptloal 
Mlorophotograph Showing 100X Magnl float Ion 
 of unstrained Area  
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METALLOGRAPHIC        STUDY 

Mater i a I      Stainless Steel 3^7 

Specimen      LWU 20^  

Neg.No.   W22 

Neg.Mag.  1^ooox 

Elchent   105t Amonlum Persulfate Photo Enlargement _N2I1®. 

.       '*• ,<* \     iMUH 

COMMENTS 

The mlcrostructure shows an austenltic matrix with 

fine carbides.    Annealing twins are seen through 

the austenlte grain. 

Figure C-128Stainless Steel 3^7> Condition LW: Optical 
Micrograph Showing 1,000X Magnification of 
Unstrained Area 
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METALLOGRAPHIC STUDY 

Mater I a I  Stainless Steel 3^7 

Specimen ™V 20k  

Etchant   10^ Amonlum Persulfate 

Neg.No. J^_ 

Neo.Mag._122i 

Photo Enlargement None 

;-■•";' •■•: ;r.;_:^-;-/f 
; •■,-4, 

/"•> 

/'>'. 1* 

-I-.' ■-• ••   ;; ■. 

• v.-..- 
•Jf- 

rc- \,. 

COMMENTS 
The mlcrostructure represents an austenlte-ferrlte 

matrix In the weld area,  transition zone of austenlte 

grain growth, and the austenlte parent-metal matrix 

with fine carbide plus nonmetalllc Inclusions. 

Figure C-129    Stainless Steel 347,  Condition LWx Optical 
Micrograph Showing 100X Magnification of 
 Parent Metal and Weld Int  ,/ace 
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METALLOGRAPHIC       STUDY 

Mater i a I      Sta.nless Steel 347 

Specimen     "W go"  

Nea.No. _J!li 

Me,.M.Q.   1-000X 

ftrh.nt        IC» Amonlun Pereulfete pi,ntn E|,|trflen,ent    Hone 

"VWv 

COMMENTS 

The mlcrostructure  shows the transformed phase 

with the Cr-Fe phase at the grain boundaries In 

the weld area.    The parent-metal mlcrostructure 

(left)  la transformed austenlte  (martenslte).    Note 

the strain lines. 

Figure C-I30    Stainless Steel 3^7*   Condition LW:  Optical 
Micrograph Showing 1,000X Magnification of 
 Parent Metal and Weld Interface  
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METALLOGE APHIC       STUDY 

Mater i a I      Stainless Steel 347 

Specimen      ^ 20k  

Etchant        10^ Amonlum Persulfate 

Neg.No. JUl 

Neg.Maa.    100x 

Photo Enlargement Ji°Ill 

• f •-?.. - 
*i 

'.••• 
r 

COMMENTS 

The microstructure represents an austenlte-ferrlte 

matrix.    Failure occurred through the weld metal. 

♦ 
Figure C-131    Stainless Steel 347,  Condition LW:  Optical 

Micrograph Showing 100X Magnification of 
 Fracture Edge  
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METALLOGRAPHIC        STUDY 

Mater i a I      Stainless Steel 3^7 

Specimen      W 20k  

Neg.No.     w73 

Neg.Mag.   1»000x 

Ptr.h«nf        10^ Amonlum Persulfate phftfn En largement J!2Iil 

COMMENTS 

The mlcrostructure shows a transgranular fracture 

of the matrix.    The high Cr-Pe phase lies at the 

grain boundary. 

Figure C-132   Stainless Steel 3^7* Condition LW:  Optical 
Micrograph Showing 1,000X Magnification of 

 Fracture Edge  
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M E T A L L O G R A P H I C S T U D Y 

Material Sta in less Steel 3^7 Neg.No. 102-10 

Specimen LWU 204 Neg.Mag. 7«500X 

Etchant 10* Amonlum Persulfa te P h n t f t E n l a r g e m e n t ^ 

C O M M E N T S 

The structure is austenlte with annealing twins, 

carbides, and orientation texture. 

Figure C-133 Stainless Steel 347, Condition LWt Electron 
Micrograph Showing 15,000X Magnification of 
Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Hater i a I Stainless Steel 347 

Specimen LWU 2°^ 

Etchant 10/t Amonlum Persul fa te 

Neg.No. 1Q5-9 

Neg.Mag. 7,500X 

Photo En Iargement _2X 

C O M M E N T S 

The chromium-rich ferrite phase appears In the 

grain boundaries of the transformed austenite 

(martensite) phase. 

T Figure C-134 Stainless Steel 3^7, Condition LW: Electron 

(Micrograph Showing 15,000X Magnification of 
Strained Area 
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HETALLOGRAPHIC       STUDY 

Mater i a I      Stainless Steel 3^7 

Specimen      I*U 20^  

Etchant        None  

Neg.No.      93-6 

Neg.Mag.    2^00X 

Photo Enlargement _£*. 

COMMENTS 

The fracture at the center la made up of mlorovold 
and Intergranular fractures.    The Intergranular facet 
in the center of the photograph shows a brittle ferrlte 
particle that failed and was removed during replication. 
The smaller round particles present on the fracture 
represent carbides. 

Figure C-135    Stainless Steel 3^7, Condition LVt Electron 
Practograph Showing 4,200X Magnification at 
 Center of Fracture  
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METALLOGRAPHIC STUDY 

Hater i a I      Stainless Steel 347 

Specimen      V™ **  

Etchant       None  

Neg.Mo.      93-8 

Neq.Mag.    2^00x 

Photo En Iargement    2X 

COMMENTS 

The fracture at the edge of the specimen Is made up 
of large and small oriented dimples,  typical of a 
shear type of fracture.    Some of the large dimples 
at the top of the photo have fractured ferrltes at 
the tip.    The smaller round particles In the dimples 
represent carbides. 

Figure C-136Stainless Steel 3^7,  Condition LW: Electron 
Practograph Showing 4,200X Magnification Near 

 Edge of Fracture  
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METALLOGRAPHIC STUDY 

Mater i a I     StalnlesB Steel 3^7 

Specimen      I*N 210  

Etchant       None  

Neg.Ho.     98-3 

Neo.Mag. -hl29JL 

Photo  Enlargement _2X_ 

♦ ' 

COMMENTS 

The fracture Is composed mainly of quasl-cleavage 

facets;  however,  some small dimples are present. 

There are Indications of plastic flow at the edg« 

of the cleavage facets, indicating a  flemi-brittle 

rather than compTately brittle failure mode. 

Figure C-137a    Stainless Steel 347,  Condition LW: Electron 
Fractograph Showing U,200X Magnification 
 gf Mgtgfred Fracture  
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METALLOGRAPHIC       STUDY 

Mater j11      Stainless Steel 3^7 

Specimen      V** 21°  

Etchant       None  

98-4 Neg.No. 

Neg.Mag. Jli22i 

Photo Enlargement 2X 

COMMENTS 

The fracture la composed mainly of large dimples. 
Indicating that the fracture was ductile in this 
local area.    Near the upper right-hand comer is an 
area that  Indicates localized segregation during 
welding and the  fracture follows the cast structure 
produced.    The pitted appearance that is present in 
isolated areas is oxidation. 

Figure C-137b    Stainless Steel 347,   Condition LWi Electron 
Fractograph Showing 4.200X Magnification of 

 Notched Fracture  
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Table C-21 

Tensile and Shear  Test  Data 

Material   Stainless Steel 440CSnarl men  Condition 

Averaged Data (-U230F) 

Unnotched Specimens Control             Irradiated 
Ultimate Strength  (ksi) 
0.2% Yield  Strength   (ksi) 
Elongation   in Gage Length  (%) 
Reduction   in  Area  (%) 
Ultimate Shear   Strength  (ksi) 

Notched Specimens 

The   control  specimens 
broke In such a way 
that tensile properties 
could not be measured 
satisfactorily. 

All Irradiated specimens 
failed in the grips. 

Ultimate Strength  (ksi) 50,6 
Ratios 

Notched- Ult./Unnotched-Ult. 
Notched-Ult./Unnotched-Yield 

Unnotched Specimens 

Specimen 
Number 

Ult.  Tens!le 
Strength(ksi) 

Yield Strength 
0.2% Offset  (ksi) 

Reduction 
in Area (%) 

Elongation 
(%) 

,» 

* 

Notched Specimens Sh ear Specimens 

Specimen 
Number 

Ult.  Tensile 
Strength  (ksi) 

Specimen 
Number 

Ult.  Shear 
Strength  (ksi) 

604 51.4 

606 58.9 

608 49.3 

610 43.1 • 
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M E T A L L O G R A P H I C S T U D Y 

Motor i a I Stainless Steel 440C Neg.No. None 

Specimen LU 2-198 — Neg.Mag. 

Etchant None Photo En I orgement. Wone 

Figure C-138 Stainless Steel 440C, Condition L: Macro-
photograph Showing IX Magnification of 
Specimen 
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M E T A L L 0 6 R A P H I C S T U D Y 

Material Stainless Steel 440C Neg.No. 98-6 

Specimen LN 604 Neg.Mag. 2/100X 

chant Hone Photo En I argement _2X 

The fracture surface indicates a failure through 
and around the brittle carbides and a low ductility 
fracture at the matrix. The area adjacent to the 
black extracted carbide is oxidized, probably as a 
result of depletion of the chromium during the 
carbide formation. 

Figure C-139 Stainless Steel 440C. Condition L: Electron 
Practograph Showing 4,200X Magnification of 
Notched Fracture 
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TahlaC-22 

Tensile and Shear Test Data 

Material Stainless Steel A-286Sp«riiiiiin Condition 

Averaged Data (-U230F) 

Oanotched Specimens Control Irradiated 
Ultimate Strength (ksi) 223.6 219.8 
1.2% Yield Strength (ksi) 135.9 137.0 
Elongation in Gage Length (%) 37.5 26.5 
•eduction in Area (%) 31.0 32.2 
Ultimate Shear Strength (ksi) 168.2 157.1 

lotched Specimens 
Ultimate Strength (ksi) 185.8 188.6 

Ratios 
Notched- Ult./Unnotched-Ült. O.83 0.86 
Notched-Ult./Unnotched-Yield 1.37 1.38 

1                  Unnotched Specimens 

fpecimen 
Number 

Ult. Tensile 
Strength(ksi) 

Yield Strength 
0.2* Offset (ksi) 

Reduction 
in Area (*) 

Elongation 
{%) 

210 222.2 129.0 34.9 20.7 

211 214.6 142.0 30.8 22.8 

213 221.8 137.0 29.6 30.8 

214 220.4 140.0 33.3 31.8 

1     Notched Specimens Sh ear Specimens 
TSpecimen 
Number 

Ult. Tensile 
Strength (ksi) 

Specimen 
Number 

Ult. Shear 
Strength (ksi) 

221 190.6 1 162.8 

222 188.6 2 152.9 

225 186.9 3 155.6 

226 188.2 4 No Dsta» 

*Ram Bottomed Out 
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Table C-2^ 
X-Ray Diffraction Data 

Material Stainless Steel  A-286       SpWrim>n       LU 214 

[STRAINED  AREA|UNSTRAINED AREA 

DIFFRACTION PATTERN                                               | 

Miller 
Indices 
(hkl) 

Inter lattice 
Spacing,   d 

it) 

Relati ve 
Intensity 

{%) 

Inter lattice 
Spacing, d 

Relative 
Intensity 

(11 

111 2.08 65 2.08 100 

110 1 
200 1.79 65 1.80 50 

220 1.27 100 1.27 43 

211 1.08 40 

LATTICE PARAMETER (I) 

111 3.60 3.60 

110 v — 

200 3.58 ^.60 

220 3-59 3.59 

211 - 2.64 

MICROSTRESS,^ 

0.54° (20 = 51.1°) 0.l4o(29  = 51.0°) 

No Peak  (2© = 129°) No Peak  (20 = 129°) 
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M E T A L L Q G R A P H I C S T U D Y 

Mater i a I Stainless Steel A-286 NeQ.No 

Specimen L U 21** Neg.Mag. _3* 

Etchant None Photo Fn t argflmant None 

Figure C-143 Stainless Steel A-286, Condition Li Macro-
photograph Showing 3X Magnification of 
Specimen 
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METALL06RAPHIC       STUDY 

Mater i a I      Stainless Steel A-286 

Specimen      LÜ 214  

Neg.Mo.  W67 

Neg.Mag. -ML 
Etchant 10^ Oxalic Aold (electrolytic)Phntn Enlargement None 

1 

r 

'^   -■ • ... !■ 

1  >-,' 

» ' <    . V . •'                     .•*■•> . ' i 1 

'p ■: " •,^ ;   • ■   ' ' ^*- '      * 
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1         ' ^, 
'- ' ■'■',. 
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v   y 

j •   »« 

COMMENTS 

The micro structure shows an austenltlc matrix 

with dispersed carbides. 

Figure C-144Stainless Steel A-286,  Condition L:  Optical 
Micrograph Showing 100X Magnification of 
Unstrained Area 
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M E T A L L O G R A P H I C S T U O Y 

Hater i a I Stainless Steel A-286 

Specimen LU 2lU 

Meg.No. None 

Neg.Mag. 3% 

Etchant None Photo Enlargement None 

Lu hf 

K) 

Figure C-143 Stainless Steel A-286, Condition L: Macro-
photograph Showing 3* Magnification of 
Specimen 
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METALLOGRAPH  I  C STUDY 

Material     Stainless Steel A-286 Meo.No.     w71 

Specimen     Ml 2^ Meg.Mag. J22L 

PtrhAnt 10% Oxalic Aold (eleotrolytlo)   phnin Enlargement J!2E1 

COMMENTS 

The mlcrostructure shows a deformed austenltlc 

matrix, carbide dispersion, and strain lines In the 

grains. 

I Figure C-146 Stainless Steel A-286, Condition L: Optical 
Micrograph Showing 100X Magnification of 

 General Strained Area  
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METALLOGRAPHIC       STUDY 

Hater I a I      Stainless Staal A-286 

Specimen      ™ &*  

Meg.Ho.     w78 

Neo.Mag.    1299* 
Etchtnt 10^ Oxallo Aold (electrolytic)   PH»»» Enlargement JL2H1 

*■ \ , 

^BtA. 
\-'s^ *» 

//■f., 

y * 
hr l%   M    v .JN   . i ,/ ;,■' 

COMMENTS 

The mlcrostructure shows the deformed austenlte 

matrix,  carbide dispersions,  and strain lines in 

the grains.    Note the strain orientation variation 

within the original austenite grain. 

Figure C-147    Stainless Steel A-286,  Condition L: Optical 
Micrograph Showing 1,000X Magnification of 
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METALLOGRAPHIC STUDY 

Material     Stainless Steel A-286 

Specimen     El glji  

Neg.No.     w75 

Neq.Maq.   100X 

Ftrhant 10^ Oxalic Acid (electrolytic)   phnfn En largement Ji2i2£. 

r ■ ■■-; -: •     •  . ■■■.   ■ ■' ! ,/'\--K . < .-.y.*/^ -nw.fii'-. ., :;.( 

'"-.'V   V-"- -^ ^^^- .|-^r^-VÄ;.;   -.•. ^(. •'•:.?■   •   :>vv,.; 
• T r ..•■.< ■..••.■•-■.'  •   •   •. .'T > •     , .•      " •    ' . • • 

: 
■    1  ^ !. 

:» .•' 

,« 

. r ■■ •V. • ft*    • 
COMMENTS 

The mlcrostructure shows the deformed austenltlc 

matrix,  carbide dispersion,  and strain lines In the 

grains.    The  fracture was primarily transgranular. 

I 

Figure C-148    Stainless Steel k-2Q6, Condition L:  Optical 
Micrograph Showing IGOX Magnification of 
 Fracture Edge  
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METALLOGRAPHIC       STUDY 

Materi 11      Stainless Steel A-286 

Specimen      LU 214  

Meg.No.     w79 

Neg.Mag.    h299* 

Etchant 10^ Oxalic Acid (electrolytic)   phftfft EnlargementJi221 

COMMENTS 

The ralcrostructure shows  the deformed austenlte 

matrix,  carbide dispersions, and strain lines in the 

grains.    The fracture was primarily transgranular. 

Note  the strain orientation variations within the 

original austenite grain. 

Figure C-149    Stainless Steel A-286, Condition L:  r -*-,ical 
Micrograph Showing 1,000X Magnificati^.i of 
 Fracture Edge  
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M E T A L L 0 6 R A P H I C S T U D Y 

Material S ta in less Steel A-286 Neg.No. 105-10 

Specimen LU 2 1 ^ Neg.Mag. 7>500X 
Etchant 10# Oxalic Acid (electrolytic) Phnfn En( argement 2 X 

C O M M E N T S 

The microstructure shows the austenlte matrix 
with a large globular particle. The grain boundary-
shows a lamellar precipitate which, in some instances, 
extends into the grain. The larger precipitate in the 
grain boundary on the left appears to be a third type 
of precipitate. 

Figure C-150Stainless Steel A-286, Condition L: Electron 
Micrograph Showing 15,000X Magnification of 
Unstrained Area 
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HETALL06RAPHIC       STUDY 

Mater i a I      Stainless Steel A-286 

Specimen      LU 214  

Meg.Mo.      ™H 

Mea.Mag.    7,500X 

Etchant 10^ Oxalic Acid (electrolytic)   PK»»« En largement .Ü 

COMMENTS 

The mlcrostructure shows an austenlte-matrix grain 

boundary and a precipitate along the boundary. 

Paint strain lines are visible. 

Figure C-151    Stainless Steel A-286,  Condition L: Electron 
Micrograph Showing 15,000X Magnification of 
 Strained Area  
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METALL06RAPHIC STUDY 

Mater i a I      Stainless Steel A-286 

Specimen      LU 214  

Etchant       None  

Nag.No.     111'^ 

Nag.Mag.   ^100X 

Photo Enlargement   c 

COMMENTS 

The  fracto^raph of the center area shows a mlcrovold 

fracture mode, which is  Indicative of a ductile failure 

Both small and large equiaxed dimples a,-^ present. 

Figure C-152   Stainless Steel A-286,  Condition L: Electron 
Fractograph Showing 4,200X Magnification at 
Center of Fracture s 
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M E T A L L O G R A P H I C S T U O Y 

Material Stainless Steel A-286 Nefl.No. 93-4 

Specimen LU 214 Neg.Mag. 2,100X 

Etchant Hone Photo En I argement _2X 

C O M M E N T S 

The fracture at the edge shows oriented dimples, or a 

ductile shear failure. Some of the dimples have 

brittle particles at the tips. 

Figure C-153 Stainless Steel A-286, Condition L: Electron 
Fractograph Showing 4,200X Magnification Near 
Edge of Fracture 

g * 

•I •"* "w 
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M E T A L L O G R A P H I C S T U D Y 

Material Stainless Steel A-286 10°-2 

Specimen ^ 221 Neg.Mag. 2,100X 

Etchant None Photo Enlargement..2^ 

C O M M E N T S 

The fracture surface is composed of large dimples 

and serpentine glide. The area on the right contains 

a large number of intermetallic compounds that have 

fractured in a brittle manner, possibly giving rise to 

a free surface distorted by serpentine glide. 

Figure C-15^aStainless Steel A-286, Condition L: Electron 
Fractograph Showing 4,200X Magnification of 
Notched Fracture 

299 



M E T A L L O G R A P H I C S T U D Y 

Mater ia I Stainless Steel A-286 Neg.No. 100-3 

Specimen LN 221 Neg.Mag. 2*1QQX 

Etchant None Photo En I argement 

C O M M E N T S 

The fracture surface is composed of dimples and 

ripples. A number of small, brittle, intermetallic 

compounds appear on the fracture surface. 

Figure C-15^b Stainless Steel A-286, Condition L: Electron 
Fractograph Showing 4,200X Magnification of 
Notched Fracture 
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TablBC-24 

Tensile and Shear Test Data 

Material  Incfflgl X-T^O Specimen Condi tion 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated   1 
Ultimate Strength (ksi) 253.3 227.7 
0.2% Yield Strength (ksi) 135.8 146.8 
Elongation in Gage Length (%) 31.2 26.4     | 

|  Reduction in Area (%) 27.1 26.6 
Ultimate Shear Strength (ksi) 152.8 162.0    1 

Notched Specimens 
Ultimate Strength (ksi) 191.6 197.2 

Ratios 
Notched-Ult./Unnotched-Ult. 0.76 0.37   I 

I  Notched-Ult./Unnotched-Yield 1.41 1.34   1 

Unnotched Specimens 

1 Specimen 
Number 

Ult. Tensile 
Strength(ksi) 

Yield Strength 
0.2» Offset (ksi) 

Reduction 
in Area (%) 

Elongation 1 
(%) 

1  381 224.8 146.0 26.2 26.7 

!   382 246.2 147.5 25.5 26.2 

377 220.5 147.0 26.2 26.2  | 

378 219.1 146 ..5 28.5 26.7 

1      No tched Specimens Sh ear Specimens 

| Specimen 
Number 

Ult. Tensile 
Strength (ksi) 

1 Specimen 
1  Number 

Ult. Shear 
Strength (ksi) 

389 191.7 !    1 168.Q 

390 194.? ? 169.? 

391 200.6 3 1R8.4 

392 202.4 1    4 158.4      I 
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Table_C^5 
X-Ray Diffraction Data 

Mater i a I  Inconel X-750 Specimen _LU_i82. 

STRAINED    AREAlUNSTRAINED   AREA! 

DIFFRACTION PATTERN                                              i 

Miller 
Indices 
(hkl) 

Inter lattice 
Spacijig, d 

Relative       Interlattice 
Intensity         Spacing, d 

1%)                     ll) 

Relative 
Intensity 

111 2.06 100                        2.01 100 

200 1.78 32         1         1.79 35 

220 1.26 66 1.26 7 

311 1.08 20 1.08 5 

LATTICE PARAMETER (2) 

111 3.57 3.58 

200 3.56 3.58 

220 3.56 3.56 

311 3.58 3.58 

MICR0STRESS,A9 

0.21° (20 = 43.8°) 0.15°  (20 = 43.8°) 

No Peak (20 = 130°) No Peak (20 = 130°) 
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M E T A L L O G R A P H I C S T U D Y 

Material Inconel X-750 Neg.No. None 

Specimen LU 382 Neg.Mag. 

Etchant None Photo Enlargement 

Figure C-158 Inconel X-750, Condition L: Macrophotograph 
Showing 3X Magnification of Specimen 
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M E T A L L O G R A P H I C S T U D Y 

Material Inconel X-750 Nefl.No. w85 

Specimen LU 382 Neg.Mag. 100x 

Ftrhant 10% Oxalic Acid (electrolytic) phntn Enlargement 1221 

C O M M E N T S 

The mlcrostructure shows a typical austenitlc 

matrix. 

Figure C-159 Inconel X-750, Condition L: Optical Micro-
graph Showing 100X Magnification of Unstrained 
Are? 
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H E T A L L O G R A P H I C S T U D Y 

Material Inconel X-750 Nefl.Ho. W8l 

Specimen LU 382 Neg.Mag. 1*000* 

Ctehant 10* Oxalic Aold (electrolytic) Photn En Iargement .None 

C O M M E N T S 

The mlcrostructure shows an austenitic matrix 

with fine, dispersed carbides and a continuous 

precipitate at the grain boundaries. 

Figure C-160 Inconel X-750, Condition L: Optical Micro-
graph Showing 1,000X Magnification of Unstrained 
Area 
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METALLOGRAPHIC        STUDY 

Mater I a I      Inconel X-750 

Specimen      LÜ ^82  

Neg.No.  W8^ 

Neg.Hag. _10QX_ 

Etchant 10^ Oxalic Acid (electrolytic) Phrtn Enlargewent None 

COMMENTS 

The mlcrostructure shows a dtformed austenltlc 

matrix. 

Figure C-161    Inconel X-750, Condition L:  Optical Micro- 
graph Showing 100X.Magnification of General 
Strained Area  

311 



w* 

METALLOGRAPH   IC       STUDY 

Mater i a I      Inconel X-730 Neg.Mo.      w88 

Speciman      LU 382 Neg.Mag.    ^000X 

Ftrh«nt  10g Oxalic Aold (electrolytic)   phfttft Enlargement JlSIil 

COMMENTS 

The mlcrostruoture shows an austenltlc matrix 

with a continuous precipitate at the grain boundaries 

and within the grain. Note the strain line orienta- 

tion seen within the grains. 

Figure C-I62 Inconel X-J50,  Condition L: Optical Micro- 
graph Showing 1,000X Magnification of General 

 Strained Area  
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METALLOGRAPHIC        STUDY 

Mater i a I      Inconel X-750 Nag.No.     W84 

Specimen      Lu 382 Neg.Mag.    loox 

Etchant 10^ Oxalic Acid (electrolytic)   phfttn En I argement Ji2Il!L 

COMMENTS 

The microstructure shows a transgranular fracture 

through the deformed austenltlc matrix. 

Figure C-I63 Inconel X-75O, Condition L: Optical Micro- 
graph Showing 100X Magnification of Fracture 

 Edge  
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M E T A L L O G R A P H I C S T U D Y 

Material Inconel X-750 Neo.Ho. w89 

Specimen — L U 382 Neo.Mag 

Ftnhant 10* Oxalic Acid (electrolytic) Phn»* Fn I airmant None 

The microstructure 3hows a transgranular fracture 

through the deformed austenitic matrix and a 

continuous precipitate at the grain boundary. 

Figure C-164 Inconel X-750, Condition L: Optical Micro-
graph Showing 1,000X Magnification of Prac-
ture Edge 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Inconel X-750 Neg.No. 10^-12 

Specimen L U 382 Neg.Mag. 7'5QOX 

10* Oxalic Acid (electrolytic) Phntn Enlargement^ 

C O M M E N T S 

The microstructure shows austenite with a continuous 

carbide precipitation taking place in the grain 

boundaries. Carbides can also be seen in the 

middle of the austenitic grain. 

Figure C-I65 Inconel X-750, Condition L: Electron Micro-
graph Showing 15,000X Magnification of Un-
strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Inconel X-750 Neg.No. 105'2 

Specimen L U 382 Neg.Mag. 7,500X 

Ftrhant 10% Oxalic Acid (electrolytic) phnto Enlargement.** 

C O M M E N T S 

The microstructure shows austenlte with grain boundary 

precipitation. The strain lines present on the optical 

micrographs do not show in this photograf 

Figure C-166 Inconel X-750, Condition L: Electron Micro-
graph Showing 15,000X Magnification of Strained 
Area 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Inconel X-750 

Specimen LU 382 

Etchant None 

Neg.No. 96-12 

Neg.Mag. 2,100* 

Photo En Iargement _2£_ 

I '* 

I •/ 
/ r ft L r ' •< •» J 

j , ' , r * x '¥* • % /- T f 

C O M M E N T S 
The fracture at the central area of the specimen 
is made up of oriented dimples and glide-plane 
decohesion. The boundary in the center of the 
photograph is, in all probability, a grain boundary. 
In the grain on the right, a glide or slip plane is 
lined up with the shearing stresses and the failure 
is by glide-plane decohesion. In the area on the 
left, the plane of easy glide is not lined up and 
the failure is by microvoid formation and link-up. 
This type of fracture is associated with ductile 
failure. 

Figure C-I67 Inconel X-750, Condition L: Electron Fracto-
graph Showing 4,200X Magnification at Center 
of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

C O M M E N T S 

The failure mode at the edge of the specimen 

is similar to that at the center and consists 

of microvoid formations and glide-plane decohesion. 

Neg.No. 97-3 

Neg.Mag. 2,10QX 

Photo En Iargement 

Inconel X-750 

LU 382 

None 

Material 

Specimen 

Etchant . 

Figure C-168 Inconel X-750, Condition Ls Electron Fracto-
graph Showing 4,200X Magnification Near Edge 
of Fracture 
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M E T A L L O G R A P H I C STUDY 

Material Inconel X-750 Neg,No. 97-10 

Specimen LN 389 Neg.Mag. —2^ 10QX 

Etchant None Photo Enlargement—£X 

C O M M E N T S 
The fracture is made up of an area of serpentine glide stria-
tions in the triangular area at the center of the photograph, 
a semi-ductile microvoid area on the left, and glide plane 
decohesion and shear microvoid on the right. The serpentine 
glide striations are a result of a local fracture giving a 
free surface ahead of the main crack. The material below this 
free surface is subsequently deformed as the main crack front 
advances, giving rise to slip-band striations or serpentine 
glide on the free surface. It is though- that the band across 
the middle of the serpentine glide zone represents a twin. 

Figure C-l69a Inconel X-750, Condition L: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Matar i a I Inconel X-750 Neg.No. 97 -H 

Specimen m 389 Neg'.Mag 

Etchant None Photo En I argement 

C O M M E N T S 

This area of the fracture surface is composed of 

dimples and serpentine glide. 

Figure C-l69b Inconel X-750, Condition L: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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Table C-26 

Tensile and Shear  Test Data 

Material     Inconel 713C Specimen Condition 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated 
Ultimate Strength (ksi) 111.6 133.4 
0.2% Yield Strength  (ksi) 108.0 133.2 
Elongation  in Gage Length  {%) 3.0 1.75 
Reduction  in  Area (%) 7.0 1.7 
Ultimate Shear  Strength   (ksi) 1U4.5 c 

Notched Specimens 
Ultimate Strength (ksi) 127.7 135.4 

Ratios 
Notched-Ult./Unnotched-Ult. 1.14 1.01 
Notched- Ult./Unnotched- Yield 1.18 1.02 

Unnotched Specimens 

Specimen 
Number 

Ult.   Tensile 
Strength(ksi) 

Yield Strength 
0.2% Offset (ksi) 

Reduction 
in  Area (%) 

Elongation 
(%) 

401 130.5 130.0 1.7 2.1 

402 137.5 132.0 2.5 1.9 

405 126.2 a 2.6 0.88b 

406 139.4 137.5 0.13 2.12 

Notched  Specimens                                  Shear  Specimens* 

Specimen 
Number 

Ult. Tensile 
Strength (ksi) 

Specimen 
Number 

Ult.  Shear 
Strength  (ksi) 

413 127.1 

414 141.5 

417 146.5 

418 126.5 
aBroke before 0.2^ offset 
^Broke outside of gage  length 
cNot tested 

♦Not Applicable 
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Tab I a C-27 

X-Ray  Di ffraction Data 

Material Inconel 713C Specimen LU 401 

STRAINED    AREA|UNSTRAI   NED   AREA] 

DIFFRACTION PATTERN 

Miller 
1ndices 
(hkl) 

Inter lattice 
Spacing,  d 

Relati ve 
Intensi ty 

{%) 

Interlattice 
Spacing,  d 

Relative 
Intensity 

(1) 

111 No Peaks 2.07 100 

200 Observable 

220 

311 

222 

LATTICE PARAMETER (I) 

'   111 3.59 

MICR0STRESS.A9 

No Peak  (20 =   69°) 0.22°  (20 =  43.6°) 

No Peak  (20 =   129°) No Peak  (2© = 69°) 

No Peak  (20  =  129°) 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Inconel 713C 

Specimen L U 

Etchant None 

Nefl.No. None 

Neg.Mag. 

Photo En Iargement Ji22® 

Li\ *fol 

Figure C-171 Inconel J13C, Condition L: Macrophoto-
graph Showing 3X Magnification of 
Specimen 

326 



METALLOGRAPHIC        STUDY 

Mater i a I     Inconel 713C 

Specimen __LUJt2i. 

Neg.No.    w86 

Nag.Mag. i221 

Ftrhant 10^ Oxalic Acid  (electrolytic)    ph^n En largemant ^2111 

COMMENTS 

The mlcrostructure  shows the typical dendritic structure 

characteristics of a casting (Ref,    13 ).    A Ni-Cr phase 

constitutes the grain matrix^ with the gamma prime pre- 

cipitate as the primary strengthening mechanism.    The 

grain boundary network contains Tl-C. 
Figure C-172    Inconel 713C, Condition L:  Optical Micro- 

graph Showing 100X Magnification of Un- 
       strained Area  
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METALLOGRAPHIC STUDY 

Mater i a I     Inconel 713C Neg.No. JÜäL 

Specimen _LUJÜ2i. Neg.Mag.   1'000X 

Etchant   10^ Oxalic Acid (electrolytic)  phntn En largement Jl2Iil 

COMMENTS 

The  microstructure  shows  the  typical structure 

characteristics of a casting.    A Nl-Cr phase 

constitutes the grain matrix,  with the gamma  prime 

precipitate as the primary  strengthening mechanism. 

The grain boundary network contains Tl-C. 

Figure C-173 Inconel 713C, Condition L: Optical Micro- 
graph Showing 1,000X Magnification of Un- 
strained Area 
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METALLOGRAPHIC        STUDY 

Material       Inconel 713C Neo.No.     W14 

Spect wen      LU 401 Neg.Mag.    1QQX 

Etchant M Oxalic Acid (electrolytic)  phnfn En largement J!2E± 

COMMENTS 

The mlcrostructure shows the  typical dendritic 

structure  characteristic of a  casting.    A Nl-Cr 

phase  constitutes the grain matrix, with the gamma 

prime precipitate as the primary strengthening 

mechanism.     The grain boundary network contains Tl-C, 

Figure C-I74    Inconel 713C,  Condition L:  Optical Micro- 
graph Showing 10CX Magnification of General 
 Strained Area  
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METALLOGRAPHIC       STUDY 

Mater i a I      Inconel 713C Neg.No.     W13 

Specimen _LUJtOL Neg.Mag.   LL222^ 

Etchant 1Q^ Oxalic Acid (electrolytic)   phfttft En largement JSIll 

V " , *^   « V tc?   C 

COMMENTS 

The mlcrostructure  shows  the Nl-Cr phase   that 

constitutes the grain matrix.    Gamma prime pre- 

cipitate is the primary strengthening mechamlsm. 

The grain boundary network contains Ti-C. 

Figure  C-175    Inconel 713C,   Condition L:  Optical Micro- 
graph Showing 1,000X Magnification of General 
Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Mater ia l Inconel 71^C Nefl.No. W15 

Specimen . L U "01 Neg .Hag • 100X 

Etchant 1°^ Oxalic Acid (electrolytic) EnIargement Jjone 

C O M M E N T S 

The fracture Is transgranular. The microstructure 

shows a Ni-Cr phase matrix with gamma prl«« precipitate 

and Tl-C grain boundary precipitate. 

Figure C-I76 Inconel T13C, Condition L: Optical Micro-
graph Showing 100X Magnification of Frac-
ture Edge 
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M E T A L L O G R A P H I C S T U D Y 

Material Inconel 713C Neg.No. Wlg 

Specimen . — L U 4 0 1 Neg.Mag. . 1,0Q0X 

Etchant 10# Oxalic Acid (electrolytic) Phntn En I argement 

C O M M E N T S 

The fracture Is transgranular. The mlcrostructure 

shows a Ni-Cr phase matrix with gamma prime pre-

cipitate and Ti-C grain boundary precipitate. 

Figure C-177 Inconel 713C, 
graph Showing 
Strained Area 

Condition L: Optical Micro-
1,000X Magnification of General 

332 



o 

M E T A L L O G R A P H I C S T U D Y 

Material Inconel 713C Neg.No. 1 ° ^ " 6 

Specimen L U Neg.Mag. 7*5QOX 

Ftrhant 10$ Oxalic Acid (electrolytic) Phntn En I argument. 2X 

C O M M E N T S 

The microstructure shows the Ni-Cr matrix with the 

gamma prime precipitate. 

Figure C-I78 Inconel 713C# 
graph Showing 
strained Area 

Condition L: Electron Mlcro-
15,000X Magnification of Un-
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M E T A L L O G R A P H I C S T U D Y 

Material Inconel 713C Neg.No. 1Q7-8 

Specimen L U ^01 Neg.Mag. 7*500X 

Etchent 10^ Oxalic Acid (electrolytic) phntn Enlargement.^ 

C O M M E N T S 

The microstructure shows a Ni»Cr matrix and 

gamma prime precipitate. 

Figure C-179 Inconel 713C, Condition L: Electron Micro-
graph Showing 15>000X Magnification of 
Strained Area 
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M E T A L L O G R A P H I C S T U D Y 

Mater ^ c o n e l 713C 

Specimen 

F.tchant No"e 

Neg.No. 9 6 ' 5 

Nog.Mag. 2 * 1 Q 0 X 

Photo En Iargement 

C O M M E N T S 
The fracture surface shows a large area of 

brittle cleavage (lower right) and an area 

of shallow, partially formed microvolds (upper 

left). These shallow microvolds are often present 

on brittle failures. 

Figure C-l80 Inconel 713C, Condition L: Electron Fracto-
graph Showing 4,200X Magnification at Center 
of Fracture 
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METALLOGRAPH STUDY 

Material  Inconel 713G 

Specimen  LU ^401 

Etchant   None 

Neg.No.  96-6 

M.g M.g  2.100X *  

Photo Enlargement _2L 

COMMENTS 

The  fracture topography at  the edge was the  same 

as that  found at the  center (Flg.  C-l8o). 

Figure C-l8l    Inconel 713C,  Condition L:  Electron Fracto- 
graph Showing 4,200X Magnification Near Edge 
 of Fracture  
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M E T A L L O G R A P H I C S T U D Y 

Matprial Inconel 713C Neg.No. 98"2 

c • LN 413 u u 2#100X Specimen D Neg.Mag. — 

Etchant None Photo Enlargement.^ 

C O M M E N T S 

The notched specimens displayed the same fracture 

characteristics as the unnotched specimens: large 

areas of brittle cleavage and shallow, partially-

formed dimples. 

Figure C-l82a Inconel 713C, Condition L: Electron Fracto-
graph Showing 4,200X Magnification of Notched 
Fracture 
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METALL06RAPHI C STUDY 

Materia Inconel 713C 

Specimen      LN 413 

Etchant        None 

Neg.No.     98-3 

Neg.Mag.    ^1Q0X 

Photo Enlargement.^. 

t) J^pv—*-        I ' 

COMMEN   TS 

This area  of the notched specimen shows  a  large 

area of shallow, partially formed dimples. 

Figure  C-lb2b    Inconel 713C,   Condition L: Electron Fracto- 
graph Showing 4,200X Magnification of Notched 
 Fracture  
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Condition L 
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Table_£r2fi 
Tensile and Shear Test Data 

Material       Hastelloy C Specimen Condi tion 

Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated 
Ultimate Strength  (ksi) 185. r 185.4 
0.2% Yield Strength  (ksi) 111.0 111.5 
Elongation  in Gage Length   (%) ?9.2 35.1 
Reduction  in Area {%) 32.6 31.6 
Ultimate Shear  Strength  (ksi) 170.8 139.2 

Notched  Specimens 
Ultimate Strength  (koi) No Data 156.3 

Ratios 
Notched-Ult./Unnotched-Ult. 0.8U 
Notched-Ult./Unnotched-Yield 1.40 

Unnotched Specimens 

Specimen 
Number 

Ult.  Tensile 
Strength(ksi) 

Yield Strength 
0.2% Offset (ksi) 

Reduction 
in Area (%) 

Elongation 
(%) 

353 183.O 112.0 28.6 30.C 

354 185.9 112.0 38.4 41.0 

357 192.0 108.0 36.8 46.3a 

358 188.2 114.0 27.2 33.3 

No tched Specimens Shear Specimens 

Specimen 
Number 

Ult.  Tensile 
Strength (ksi) 

Specimen 
Number 

Ult. Shear 
Strength (ksi) 

365 158.8 1 140.6 

366 Broke on rebound 2 140.6 

369 Broke on rebound 3 137.7 

370 153.8 4 137.7 

Picked up next specimen 
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Mater ial »3: 

Table :, ,— 
X-Ray Di ffracti on Data 

_2 Spec i men 

[STRAINED   AREA|UNSTRAINED   AREA| 

\                                             DIFFRACTION PATTERN                                              | 

1 Miller 
Indices 

1   (hkl) 

I 1 nterlattice 
ipacijig,   d 

(Ä) 

Relative 
1ntensi ty 

(%) 

1 Inter lattice 
\    Spacing,  d 

Relative       1 
Intensity 

(%) 

1    l;l 'k . 0 j ■ ? L- 1          :} G' . oo          1 
1     200 i. 8J -\ 1 . ö i 69           1 

1     i. <.-0 j .c^ -. ' J '.' ^        1 
j - - i. 09 ^ri                             i -. 09 p^ 

j 

LATTICE PARAMETER (Ä) 

j   111 3 ■'-1 3 • 62 

20c <     ' , "' 3.62 

220 ■5.0: 3.6? 

1     -:i 3.c2 3 • 62 

MICROSTRESS. Ad 

ü020   (20   ■--   7a. 20; 0.22°   ^20  -  ~i;.0o.i 

No  Pe3k  (20  -   .29°) \         Wo  Peak   ',20  =   129°) 

y.a 



M E T A L L O G R A P H I C S T U D Y 

Mater i a I Hastelloy C 

Specimen 35^ 

Etchant None 

Neg.No. None 

Neg.Mag. 

Photo En I argement 

Figure C-I85 Hastelloy C, Condition L: Macrophotograph 
Showing 3X Magnification of Specimen 
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METALLOGRAPHIC STUDY 

Mater i a I      Hastelloy C Neg.No.     W68 

Specimen      LU ^54 Neg.Mag.    1QQX 

Etchant        HC1+HC02 Photo Enlargement Jione. 

At 

*" ' 

N N 

" .> 
Ä ^1! 

> 
uÖ;*^^! 

<\ • .t 
y 

jpj 

COMMENTS 

The mlcrostructure  consists  of an equlaxed,  Nl-rlch, 

austenitlc  matrix with a   semi-banded carbide  dis- 

tribution.     Annealing  twins  are  visible. 

Figure  C-186    Hastelloy C,   Condition L:  Optical Micro- 
graph Showing 100X Magnification of Un- 
strained Area 
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METALLOGRAPHIC STUDY 

Mater i a I      Hastelloy C 

Specimen      LU 354 

Etchant HCH-H3Qo 

Neg.No.     W66 

Neg.Mag.    h™0* 

Photo Enlargement Ji2n£. 

COMMENTS 

The mlcrostructure consists of an equlaxed, Nl-rlch, 

austenltlc matrix with a semi-banded carbide distri- 

bution.     Annealing twins are  visible. 

Figure C-I87Hastelloy C,  Condition L:  Optical Micrograph 
Showing l,0O0X Magnification of Unstrained 

 Area  
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METALL06RAPHIC        STUDY 

Mater i a I  Haste Hoy C 

Specimen HH  35^ 

Etchant        HC1+H3Q2 

Neg.No.      w73 

Neg.Mag. ^221 

Photo EnlaroementJi2]2£. 

COMMENTS 

The mlcrostructure  of the  strained area  shows a 

severely deformed,   Nl-rlch,  austenltlc matrix. 

Note  the strain orientation direction within each 

grain and on the annealing twins. 

Figure  C-188    Hastelloy C,   Condition L:  Optical Micro- 
graph Showing 100X Magnification of General 
 Strained Area  
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METALLOGRAPHIC       STUDY 

t   - 

Mater i a I     Haste Hoy C Neg.No.     w76 

Specimen      LU 33^ Neg.Mag.   ^QQ0X 

Etchant        HC1+H202 Photo Enlargement Ji2]21 

COMMENTS 

• * 

I 

The mlcrostructure shows the severely deformed,  Nl- 

rlch,   austenltlc matrix and the strain orientation 

direction within each grain and on the annealing twins. 

Note that the large  carbide has ruptured perpendicular 

to the  load direction. 

Figure C-I89    Hastelloy C,  Condition L:  Optical Micro- 
graph Showing 1,000X Magnification of 
 General Strained Area  
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METALLOGRAPHIC        STUDY 

Mater i a I      Hastelloy C 

Specimen     LU 33^ 

Etchant       HC1-KH?0? 

W6U Neg.No. 

Neg.Mag.   1Q0X 

Photo  Enlargement Ji2Ill 

COMMENTS 

The mlc^ostructure  shows the  fracture  to be trans- 

granular.    Note  the  strain orientation direction 

within each grain and  on the annealing twins. 

Figure  C-I90    Hastelloy C,   Condition L:  Optical Micro- 
graph Showing 100X Magnification of Fracture 

 Edge  
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METALLOGRAPHIC        STUDY 

Material       Hastelloy C 

Specimen , LU 35^ 

Neg.No. . 

Neg.Mag. 

W77 

l.OOOX 

Etchant HC1+HO0P Photo Enlargement 
None 

/ 

./' 

COMMENTS 

The mlcrostructure shows a transgranular fracture 

through the severely deformed,  Nl-rlch austenitlc 

matrix.    Note the strain orientation direction within 

each grain and on the annealing twins. 

Figure C-l^l    Hastelloy C,   Condition L:  Optical Micrograph 
Showing 1,000X Magnification of Fracture 

 Edge  

351 



M E T A L L 0 6 R A P H I C S T U D Y 

Mater i a I Hastelloy C 

Specimen LU 354 

Etchant HCl+H^O^ 

Neg.No. 110-5 

Neg.Mag. 7>5°°* 

Photo En Iargpment 2X 

C O M M E N T S 

The microstructure shows a twin, the austenitic 

matrix, and a large carbide site. 

Figure C-192 Hastelloy C, Condition L: Electron Micro-
graph Showing 15,000X Magnification of 
Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Material Hastelloy C 

Specimen LU 354 

Etch ant HC1+H2C>2 

Neg.No. 104-11 

Neg.Mag. 7*500X 

Photo En Iargement _2X 

C O M M E N T S 

The microstructure shows an annealing twin, a grain 
boundary with fine precipitate, and the austenitic 
matrix. The strain lines present in the optical 
photographs show up as shallow troughs in this 
photograph. The rectangular precipitate site is 
unusual for a carbide. 

Figure C-193 Hastelloy C, Condition L: Electron Micro-
graph Showing 15,000X Magnification of 
Strained Area 
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M E T A L L O G R A P H ! C S T U D Y 

Mater i a I Ha3telloy C 

Specimen L U 35 4 

Etchant None 

Neg.No. 91-5 

Neg.Mag. 2 > 1 0 0 x 

Photo FnI argument 2X 

C O M M E N T S 
A grain boundary runs diagonally across the photograph. 
There appears to be a fine carbide network on the boundary 
similar to that of Pig. C-193. The structure on the 
right is decohesion glide with large microvoids. The 
structure across the boundary is probably a type of 
serpentine glide. In the lower center of the photo are 
large carbides that have fractured in a brittle manner, 
probably ahead of the main crack front initiating the 
free surface necessary for serpentine glide. 

Figure C-19^ Hastelloy C, Condition L: Electron Fracto-
graph Showing 4,200X Magnification at 
Center of Fracture 
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f METALLOGRAPH   I   C STUDY 

Material       Hastelloy C Neg.No.       21=1 

Specimen ___LU_3^L 

Etchant None 

Neg.Mag.     2.199X 

Photo En largement ___2^. 

COMMENTS 

This area taken near the edge exhibits a ductile 

failure mode,  as evidenced by the  large microvoids 

and decoheslon glide markings. 

Figure C-195    Hastellov C,  Condition L: Electron Fractograph 
Showing 4,200X Magnification Near Edge of 

 Fracture  
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METALLOGRAPHIC       STUDY 

Material 

Specimen 

Etchant . 

Haatelloy C 

Ui 365 

None 

Neg.No.       97-12 

Neg.Mag.     2.100X 

Photo Enlargement __2X_ 

COMMENTS 
The  fracture Is made up of large, oriented mlcrovolds 

and decoheslon glide markings  Indicative of a ductile 

failure.    The strlatlons  that  lie across the large micro- 

void In the upper center of the photograph have been 

classified as ripples or a type of serpentine glide. 

Figure C-I96    Hastelloy C,  Condition L: Electron Practo- 
graph Showing 4,2O0X Magnification Near 

 Edge of Fracture ,  
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TahliiC-30 
Tensile and Shear Test Data 

Material Titanium A-11Q-AT  Sp^riman Condition 

1                                        Averaged Data (-U230F) 

Unnotched Specimens Control Irradiated 
Ultimate Strength (ksi) 216.4 226.5 
0.2% Yield Strength  (ksi) 199.5 205.1 
Elongation  in Gage Length (%) 17.1 12.8 

|      Reduction   in Area (%) 17.8 16.8 
Ultimate Shear  Strength (ksi) 130.6 1^2.5             1 

Notched Specimens 
Ultimate Strength (ksi) 171.0 153.7 

| Ratios 
Notched- Ult./Unnotched-Ult. 0.79 0.68. 

0.75         1 1      Notched-UIt./Unnotched-Yield 0.86 

! 

Unnotched Specimens 

Specimen 
Number 

Ult. Tensile 
Strength(ksl) 

Yield Strength 
0.2% Offset (ksi) 

Reduction 
in Area {%) 

Elongation 

 til— 
281 220.1 202.0 JI^ 11.5 

^82. §30-9 2Q8-0 16.8 13.3 

285 227,k 205.0 -11*5. 13.9 

286 227.7 205.5 i^L n.g 

Notched Specimena Sh ear Specimens 

1 Specimen 
I   Number 

Ult. Tensile           1 
Strength  (ksi)         1 

1   Specimen 
Number 

Ult.  Shear 
Strength (ksi) 

329 146.1                       1 1 133.1 

330 170.9 1          2 154.4               1 

333 139.5 3 140.0                 i 

1      334 158.1 ^ 142.6              J 
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Material 

Table_CMl 
X-Ray diffraction Data 

Titaruum A-11C-AT Specimen TU 285 

ISTHAINED    AREAIUNSTRAINED   AREA! 

j                                             DIFFRACTION PATTERN                                               | 

1 Miller 
Indices 
(hkl) 

Interlattice 
Spacijig,  d 

Relative 
Intensi ty 

(«) 

1 Interlattice 
1    Spacing, d 

UV 

Relative 
Intensity 

1%) 

1     002 2.35 100 2.35 100 

011 2.24 28 1            2.2^ 35 

i    012 1.73 15 
1            1.92 

1.73 
10 
ho 

1    110 1.47 8 

103 1.33            1 25 1.33 80 

j    112 1.24 8 

1    00k i.l? 7 

!      OlU 1.06 7 1.06 8           1 
LATTICE PARAMETER (i) 

1 Axis a 2.95 2.95 

Axis   c a.68                  l 4.68                         \ 

MICROSTRESS.Ä0 

0.17°   (2Q  = 82.2°) 

o.:.3Q(20 = 38.25°) 

No Peak  (2Q ~ 82°) 

0.15° (2Q = 38.35°) 
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M E T A L L O G R A P H I C S T U D Y 

Material Titanium A-llO-AT Neg.No. None 

Specimen TU 28^ Neg.Mag. _22L 

Etchant None Photo En I argement _None_ 

ru 2 

¥ 

Figure C-199 Titanium A-110-AT, Condition T: Macrophoto-
graph Showing 3X Magnification of Specimen 
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1 
HETALLOGRAPHIC STUDY 

Hater i a I     Titanium A-110-AT 

Specimen     TU 285  

Meg.Mo.     W^5 

Neg.Mag. -1QOX. 

Etchant Kroll's Reagent, then HG-NYU Phntn En I argementjione. 

6^'^'in'   •    .     O** 

COMMENTS 

The microstructure shows the typical alpha-Tl matrix. 

Figure C-200    Titanium A-110-AT,  Condition Ti Optical 
Micrograph Showing 100X Magnification of 
 Unstrained Area  
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METALLOGRAPHI C STUDY 

Mater i a I  Titanium A-110-AT 

Specimen  TU 285  

Neg.No.     w32 

Neg.Mag. J-2221 
Etchant Kroll's Reagent,  then HG-NYU      phn,n En largement J2E£. 

COMMENTS 

The mlcrostructure shows the typical alpha-Tl 

«■nctrlx.    Note the alpha-grain orientation as 

depicted by the etchant attack. 

Figure C-201    Titanium A-llO-AT, Condition T:  Optical 
Micrograph Showing 1,0007 Magnification 

 of Unstrained Area  
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METALLOGRAPHIC        STUDY 

Material     Titanium A-110-AT 

Spec!man     TU 283  

Meg.No. Ji2L 

Meg.Mag. 1ÜOX 

Pfrh.n»   Kroll's Reagent,  then HG-NYU     phofn  Enlargement J!2P^_ 

«•• 
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COMMENTS 

The optical micrograph shows the structure to be the 

alpha-Tl matrix. 

Figure C-202    Titanium A-110-AT,   Condition T: Optical 
Micrograph Showing 100X Magnification of 
General Strained Area  
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METALLOGRAPHIC        STUDY 

Material     Titanium A-llO-AT 

Specimen     TU 283  

Neg.No.     w90 

Heg M.g      1,000X 

Ffrhiint    Kroll's Reagent,   then HQ-NYU    Phntn En largement J*2Iil 

COMMENTS 

The rlcrostructure shows the structure  to be the 

alpha-Tl matrix.     The high strain has altered the 

ends of the annealing twins within the alpha-Tl 

matrix.    Note also the strain lines in the twins. 

Figure C-2O3    Titanium A-110-AT,   Condition Ts  Optical 
Micrograph Showing l,00OX Magnification 
 of General Strained Area  
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METALLOGRAPHIC        STUDY 

Material       Titanium A-110-AT 

Specimen       TU 38^  

Neg.No.    W93 

Meg.Mag.   1Q0X 

Etchant   Kroll's Reagent,  then HG-NYU     Phntn En I argement _Ü2Si. 

^"Jä^    '..V . »*» ••••     *> rt» 

COMMENTS 

The mlcrostructure shows the fracture to be 

transgranular through the alpha-Tl matrix. 

Note the strain lines. 

Figure C-204    Titanium A-110-AT,   Condition T:   Optical 
Micrograph Showing 100X Magnification of 
 Fracture Edge  
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METALLOGRAPHIC STUDY 

Material       Titanium A-110-AT Meg.Ho.    W91 

Specimen TU 283 Neg.Mag. JUOOOX. 

Ftrhiint   Kroll's Reagent,  then HG-NYU     Ph^t« Enlarpaaent      None 

^> 

'^% 

• r   •• .A- 
'< 

^ 

vf^Ä'^Vv;     ^ 
«*45i .'' 

COMMENTS 

The microstructure shows the fracture to be trans- 

granular through the alpha-Tl matrix.    The high 

strain has altered the ends of the annealing twins 

within the alpha-Tl matrix.    Note also the strain 

lines In the twins. 

Figure C-205    Titanium A-110-AT,  Condition T: Optical 
Micrograph Showing 1,000X Magnification 
 of Fracture Edye      
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H E T A L L 0 6 R A P H I C S T U D Y 

Material Titanium A-110-AT Neg.No. J-08"1 

Specimen TU 2Q5 Neg.Mag. 7,500X 

Etchant Kroll's Reagent Photo En I argement 

C O H M 

The microstructure shows 

different orientations. 

E N T S 

the alpha-Ti grains with 

Figure C-206Titanium A-110-AT, Condition T: Electron 
Micrograph Showing 15,000X Magnification 
of Unstrained Area 
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M E T A L L O G R A P H I C S T U D Y 

Mater ia l Titanium A-11Q-AT Neg.No. 

Specimen T u Neg.Hag. 7J500X 

Ftrhant Kroll's Reagent Photo Enlargement.^. 

C O M M E N T S 

The microstructure 3hows two alpha-Ti grains with 

different orientations. Note the circular former 

inclusion site. 

Figure C-207 Titanium A-llO-AT, Condition T: Electron 
Micrograph Showing 15,000X Magnification 
of Strained Area 
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M E T A L L 0 6 R A P H I C S T U D Y 

MatwrioI Ti tanium A-110-AT Neg.No. 91-9 

Specimen TU 285 Neg.Mag. 2'10QX 

Ftrhant None Photo Enlargement 2X 

C O M M E N T S 

The fracture consists mainly of ductile microvoid; 

however, the shallow dimple pattern on the right Is 

possibly the result of cleavage cracking. 

Figure C-208 Titanium A-110-AT, Condition T: Electron 
Practograph Showing 4,200X Magnification 
At Center of Fracture 
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M E T A L L O G R A P H I C S T U D Y 

Material Titanium A-110-AT Neg.No. 9 1 - H 

Specimen T u Neg.Mag. 2'100X 

Etchant None Photo En I argement 

C O M M E N T S 

The fracture at the edge consists of low-angle 

shear microvoids (dimples). 

Figure C-209 Titanium A-110-AT, Condition T: Electron 
Practograph Showing 4,200X Magnification 
Near Edge of Fracture 
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METALLOGRAPHIC        STUDY 

Mater i a i     Titanium A-llO-AT 

Specimen     TN 330  

Etchant       None 

Neg.No.     98-10 

Neg.Mao.   ^100X 

Photo Enlargement _22L 

COMMENTS 

The fracture topography consists of ductile mlcrovold, 

Figure C-210 Titanium A-110-AT, Condition T: Electron 
Practograph Showing 4,200X Magnification 
of Notched Fracture 
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Table^ziS. 
Tensile and Shear Teat Data 

Material     Titanium A-llQ-AT    Specimen Condition JDL 

Averaged Data (-U230F) 

1 Unnotched Specimens Control Irradiated        | 
Ultimate Strength (kai) 214.6 217.1 

1      0.2% Yield Strength   (ksi) 198.6 204.2 
:.       Elongation  in Gage Length  {%) 5.9 ^.8 
i      Reduction in Area (%) 9.4 11.4            1 

Ultimate Shear Strength  (ksi) 
Notched Specimens 

1      Ultimate Strength (ksi) 118.1 121.2             1 
Ratios 

Notched-Ult./Unnotched-Ult. 0.55 0.56 
I      Notched-Ult./Unnotched- Yield 0.59 0.59          1 

i                                             Unnotched Specimens 

1 Specimen 
Number 

Ult. Tensile 
Strength(ksi) 

1   Yield Strength 
0.2% Offset (ksi) 

I   Reduction 
| In Area (%) 

Elongation 1 
(%) 

293 No Data No Data 15.00 6.5       1 
|      294 210.7 198.5 7.4 ^.7 

297 226.9 214.0 11.1 ^.5 

I       298 2l3.8 200 f0 12.2 5.3 

1               Notched Specimens Sh ear Specimens* 

1 Specimen 
|    Number 

I        Ult. Tensile 
Strength  (ksi)         1 

Specimen 
1    Number 

Ult. Shear 
Strength (ksi)       1 

1      341 108.2                 \ 

342 136.0 

345 125.3 

346 115.2                 1 

♦Not Applicable 
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' Table C-33 
X-Ray Diffraction  Data 

Material Titanium A-110-AT Specimen        TWU 298 

STRAINED    AREAlUNSTRAIN ED   AREA 

DIFFRACTION PATTERN 
Miller 

1 ndices 
(hkl) 

Inter lattice 
Spacijig,  d 

Relative 
Intensity 

{%) 

Inter lattice 
Spacing,  d 

Relative 
Intensity 

It) 

002 2.35 100 2.34 15 

Oil 2.24 24 2.23 100 

012 1.73 10 1.72 8 

110 1.47 5 

103 1.33 20 1.33 n 
112 1.25 4 1.24 7 

004 1.17 5 1.23 6 

014 1.06 2 

LATTICE PARAMETER (I) 

Axis a 2.95 2.95 

Axis  c 4.68 4.68 

MICROSTRESS. A 6 

0.23°   (20  = 82.2°) No Peak (20 = 82°) 

0.12°   (20  = 38.3°) 0.12°  (20 = 38.4°) 
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M E T A L L O G R A P H I C S T U D Y 

Mater i a I Titanium A-11Q-AT 

Specimen TVfU 298 

Neg.No. None 

Etchant None 
Meg.Hag. 3X 

Photo Enlargement None 

T vow 

K) 

M 

Figure C-212 Titanium A-110-AT, Condition TW: Macro-
photograph Showing 3X Magnification of 
Specimen 
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METALLOGRAPH IC STUDY 

Mater i a I      Titanium A-llO-AT MeQ.Mo.     w34 

Specimen      TWU 298 Hog.Mag. Jt29L. 

Etchant Kroll'a Reagent, then HG-NYU      Phft»n Enlargement Ji2S2- 

M^$^%£®® •» 

COMMENTS 

The mlcrostructure ahowa the typical alpha-Tl 

matrix. 

Figure C-213    Titanium A-llO-AT,  Condition TW:  Optical 
Micrograph Showing 10OX W? gnlflcatlon of 

 Unatralned Area  
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METALL06RAPHIC        STUDY 

Hater i a I      Titanium A-110-AT 

Specimen      TWU 298  

Meg.No.  w33 

Neg.Mag. .liOOOX 

Etchant Kroll's Reagent, then HO-NYU Phntn Enlargement None 

COMMENTS 

The mlcrostructure  shows the typical alpha-Tl 

matrix.    Note the  alpha-Tl grain orientation as 

depicted by the etchant. 

Figure ,C-2l^    Titanium A-110-AT,.Condition TW:  Optical 
Micrograph Showing l,OOOX Magnification of 
Unstrained Area 
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METALLOGRAPHIC STUDY 

Material  Titanium A-llO-AT 

Specimen  TWU 298  

Meg.No.    w93 

Neg.Mag._i221 
Etchant   Kroll's Reagent, then HQ-NYU     phftfft En I argement JlSfll 

COMMENTS 

The micro structure shows an aclcular alpha-Tl In the 

weld metal  (right) which has a larger grain size than 

the parent metal alpha-Tl (left). 

Figure C-215 Titanium A-llO-AT, Condition TW: Optical. 
Micrograph Showing 100X Magnification of 
Parent Metal and Weld Interface 
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M E T A L L O G R A P H I C S T U D Y 

WlOO (left) and 
Material Titanium A-llO-AT Neg.No. W99 (right) 

Specimen T w u 298 Meg.Mag • ^ —— 

Etchant Kro l l ' s Reagent, then HG-NYU P h . , . e„ l a m e n t None 

C O M M E N T S 

The demarcation Interface of this material was not pronounced 
enough to give a clear presentation at a magnification of 1,000X. 
The parent metal and weld metal microstructures are therefore 
presented individually for comparison. The parent material micro 
structure shows the alpha-Ti matrix (left). Note the deforma-
tion of the annealing twins and the formation of mechanical twins 
The weld metal microstructure shows the typical acicular alpha-
Ti. Note the strain lines within the alpha-Ti needles. 

Figure C-216 Titanium A-llO-AT, Condition TW: Optical 
Micrograph Showing 1,000X Magnification of 
Parent Metal and Weld Interface 
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METALLOGRAPHIC       STUDY 

Material      Titanium A-11Q-AT Neg.No. _W9i 

Specimen       TWU 298 Neg.Mag. J^22L 

Etchant      Kroll's Reagent,  then HG-NYU Phntn En I argement JNoni 

COMMENTS 

The mlcrostructure shows the fracture to be trans- 

granular through the alpha-Tl matrix and not through 

the weld or heat-affected area. 

Figure C-217    Titanium A-110-AT,  Condition TW:  Optical 
Micrograph Showing 100X Magnification of 

 Fractuie Edge  
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METALLOGRAPHIC       STUDY 

Mater I a I      Titanium A-11Q-AT 

Specimen      TWU 298  

Meg.No.  W98 

Meg.Mag. h™0* 
Etchant  Kroll's Reagent, then HQ-NYU Phntn Enlargement None 

"-*.» 

^: 

■x 
'% 

COMMENTS 

The mlcrostructure shows the fracture to "be trans- 

granular through the alpha-Tl matrix and not through 

the weld or heat-affected area. 

Figure C-218   Titanium A-110-AT, Condition TW:  Optical 
Micrograph Showing 1,000X Magnification of 

 Fracture Edge  
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M E T A L L O S R A P H I C S T U D Y 

Mater ia l Titanium A-llO-AT Neg.No. l o 6 - 3 

Specimen 2^8 Neg.Mag. 7»5QOX 

Etchant Kroll's Reagent Photo Enlargement.^ 

C O M M E N T S 

The photo shows two alpha-Ti grains of different 

orientation by displaying a variation in texture. 

Figure C-219 Titanium A-110-AT, Condition TWs Electron 
Micrograph Showing 15,000X Magnification of 
Unstrained Area 
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METALLOGRAPH  I  C STUDY 

Mater I a I     Titanium A-110-AT 

Spec I men     ™ &*  

Etchant       Kroll's Reagent 

Meg.No. _2°t}L 
Neo.Mao. Jl500X_ 

Photo  Enlargement _^L 

COMMENTS 

The mlcrostructure Is an aclcular alpha-Ti weld 

structure.    Note the various orientations present 

and what appear to be mechanical twins In the 

aclcular alpha-Tl grains.    The large globular areas 

represent Inclusions removed during polishing. 
Figure C-220a    Titanium A-110-AT,  Condition TW: Electron 

Micrograph Showing 15,000X Magnification 
 of Strained Area  
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METALLOGRAPHIC STUDY 

Mater i a I      Titanium A-110-AT 

Specimen      ™ 298  

Etchant        Kroll's Reagent 

Neg.No.  107-1 

Neg.Mag. 7,300X 

Photo Enlargement _22L 

! 

\ 

\ 

COMMENTS 

This mlcrostructure  shows three alpha-Tl grains with 

different orientations.    The  large particle site 

In the upper left-hand corner Is probably a carbide 

site. 

Figure C-220b    Titanium A-110-AT,   Condition TW: Electron 
Micrograph Showing 15,000X Magnlflcatioh 

 of Strained Area 1 
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METALLOGRAPHIC        STUDY 

Hater i a I      Titanium A-110-AT 

Specimen      TWU 298  

Etchant        None 

Neo.No.      92-7 

Keg.Mao.    2i100X 

Photo Enlargement __22L 

COMMENTS 

The fracture at the center la made up of large areas 

of shallow dimples connected by l£i.?ge dimples, indicating 

a discontinuous ductile fracture.    The shallow dimples 

follow a cleavage pattern,  indicating that cleavage 

cracks initiated the failure. 

Figure C-221    Titanium A-110-AT,  Condition TW: Electron 
Practograph Showing 4,200X Magnification 

 at Center of Practare  
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METALLOGRAPHIC        STUDY 

^ 

Material      Titanium A-llO-AT 

Specimen     TWU 298  

Etchant       None 

Meg.No.     92-8 

Neg.Mag. .i^lOOX, 

Photo Enlargement _2X_ 

% ri 

COMMENTS 

The fracture at the ea^s Is composed of large 

oriented dimples of the ductile shear type. 

Figure C-222    Titanium A-llO-AT,  Condition TW: Electron 
Practograph Showing 4,200X Magnification 

 Near Edge of Fracture  
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MET ALLOGRAPHIC       STUDY 

Miter i a I     Titanium A-llO-AT 

Specimen     ™ 3^2  

Etchent       None  

Neg.Ho.     99-4 

Neg.Mag.   h™* 

Photo Enlargement _££. 

COMMENTS 
The fracture of this notched specimen was through the weld 
zone and the aclcular micro structure Is reflected In the 
fracture topography.    What Is probably a grain boundary 
begins In the lower left-hand comer and passes through the 
centör of the photograph.    The flat facet In the center of 
the photograph above the grain boundary has a cleavage- 
type pattern Indicating the effect of orientation on the 
fracture, which Is primarily mlcrovold. 

Figure C-223    Titanium A-110-AT,  Condition TW: Electron 
Practograph Showing 4,200X Magnification 
 of Notched Fracture        
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