P
-

i

SNAL LABORATORY

OAK RIDG
operated by
UNION CARBIDE CORPORATION
for the

U.S. ATOMIC ENERGY COMMISSION Yy
ORNL- TM- 337 /

e

/Lt

RESULTS OF TENSILE TESTS PERFORMED ON MATERIALS
EXPOSED IN THE HOMOGENEOUS REACTOR EXPERIMENT NO. 2
BLANKET AND LOW-FLUX-CORE REGION

J. J. Prislinger

NOTICE

This document contains information of a preliminary noture and was prepared
primorily for internol use ot the Oak Ridge Notiono!l Loboratory. |t is subject
to revision or correction and therefore does not represent o finol report, The
information is not to be obstrocted, reprinted or otherwise given public dis-
semination without the approval of the ORNL patent branch, Legal and Infor-
mation Control Department,



LEGAL NOTICE

This report was prepared as an account of Government sponsored work, Neither the United States,

nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty eor representation, expressed or implied, with respect to the accurocy,
completeness, or usefulness of the information contained in this report, or that the use of
any infarmation, upparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B, Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the obove, *‘person acting on beholf of the Commission® includes ony employee or

contractor of the Commission, or employese of such contractor, to the extent thot such employse

or centracter of the Commission, or employee of such controctor prepores, disseminates, or
provides access to, any informotion pursuant to his employment or contract with the Commission,

or his employment with such contractor.




ORNL-~-TM- 337
Copy

Contract No. W-7405-eng-26

METALS AND CERAMICS DIVISION

RESULTS OF TENSILE TESTS PERFORMED ON MATERTIALS
EXPOSED IN THE HOMOGENEOUS REACTOR EXPERIMENT NO. 2
BLANKET AND LOW-FLUX~-CORE REGION

J. J. Prislinger

DATE ISSUED

0CT - 21962

OAK RIDGE NATTONAL LABORATORY
Oak Ridge, Tennessee
operated by
UNION CARBIDE CORPORATION
for the
U. S. ATOMIC ENERGY COMMISSION






RESULTS OF TENSILE TESTS PERFORMED ON MATERTALS
EXPOSED IN THE HOMOGENEOUS REACTOR EXPERIMENT NO. 2
BLANKET AND LOW-FLUX~CORE REGION

J. J. Prislinger
SUMMARY

Tensile specimens of various alloys of zirconium and titanium and
a variety of austenitic stainless steels and Incoloy were exposed in the
blanket and low-flux core regions of the Homogeneous Reactor Experiment
(HRE) No. 2. The purpose of this exposure was to determine the effect
of HRE-Z2 environment on mechanical properties and to provide corrosion
data.

Specimens were exposed in the low-flux core region and in two
blanket loadings. While the specimens were in the low-flux core region,
a maximum estimated fast (> 1 Mev) neutron dose of 0.8 x 102 nvt was
accumulated. The calculated doses in the first and second blanket
loadings were 1.3 X 1017 and 2.6 x 10*% nvt, respectively.

Only insignificant changes were observed in the mechanical properties
as a result of the smallest exposure (i.e., 0.8 x 1016 nvt). At
1.3 x 1017 nvt, some small decreases 1n ductility for Zircaloy-2, type
347 stainless steel, and A-40 titanium were observed. At 2.6 X 1018 nvt,
small but definite changes in some of the mechanical properties were
observed in all of the materials exposged, usually as small increases in
the tensile and yield strengths and slight reduction in elongation, with
the greatest changes occurring in the A-40 titanium. Negligible corrosion

was observed during the three exposures.
INTRODUCTION

Tensile tests have been conducted on various alloys of gzirconium

and titanium and on a variety of austenitic stainless steels and Incoloy.



The materials included in this study are Zircaloy-2 (both cross-
rolled commercial material and straight-rolled HRP materialj), Zircaloy-2
weldments, two titanium alloys (A~40 and A-110 AT), stainless steels
(types 347, 347 weldments, type 304Ly, and type 309 SCb), and Incoloy.

Specimens of these alloys were exposed to the environment of s low-
flux core position and to the blanket reglon of HRE~2. These tests were
part of a program to determine the effects of the actual homogeneous
reactor environment, during reactor operation, on the corrgsion rate and
mechanical properties of various materials of interest. Specimens have
been exposed for various intervals in the center of the core, in the
outlet @ipe (iwve., low neutron flux but same solutions), and in the
blanket. This report will cover only specimens exposed during loading
No. 1 (runs 13 and 14) in which specimens were in the blanket, and
loading No. 2 (run 17) in which specimens were placed in the blanket
and low-flux-core reglon., Information related to the effect of the
environment on the corrosion resistance of these materials has been
reported by other sections.® The theoretical treatment of the effect of
bombarding metals with fast neutrons has also been discussed by others?’3
and will not be covered in this report.

The two groups of specimens (i.e., loadings Nos. 1 and 2) were
exposed to different solutions. The first loading was exposed during
run Nos. 13 and 14 from December 30, 1957, to April 8, 1958.% During
this period, the reactor accumulated 375 Mwhr. The temperature was
between 100 and 250°C for 227 hr and was greater than 250°C for 752 hr.
Except for a few minutes near the end of the run, the blanket solution

was Do0 (without added oxygen). Run No. 14 was terminated by the formation

LA, R. Olsen, HRE-2 Corrosion Specimens - Blanket Region of Pressure
Vessel (Loading No. 1) - Weight Data and Scale Analysis, ORNL-CF-58-10-83.

?G. J. Dienes and G. H. Vineyard, Radiation Effects in Solids,
Interscience Publishers, New York, 1957,

3D. 8. Billington, McGraw-Hill Encyclopedia of Science and Technology,
Vol 11, pp 223-25, McGraw-Hill, New York, 1960.
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of a hole in the core tank which exposed the blanket specimens to dilute
uranyl sulfate solution during the shutdown period. The maximum estimated
integrated fast (> 1 Mev) neutron dose was 1.3 X 107 nvt. The flux
calculations are believed to be accurate to within + 25%.

The second loading was exposed from July 19, 1958, to
September 22, 1958, during run No. 17. During this period, the reactor
operated with the hole present in the core vessel so that the blanket
specimens were exposed to figsioning uranyl sulfate., During run No. 17,
the reactor developed 2426 Mwhr, 40% of which were attributed to the
vlanket. The temperature was below 250°C for 195 hr and between 250 and
300°C for 890 hr. The maximum estimated fast (> 1 Mev) integrated dose
was 2.6 X 108 nvt. During this run, specimens in the low-flux core
region of the outlet pipe were exposed to a maximum estimated fast dose
of 0.8 x 1016 nvt. Additional information on the reactor operation during
these periods has been reported elsewhere, %%

Subsize tensile and impact specimens were included in the overall
program but only the results of the tensile tests are reported in this
memorandum, A detailed drawing of the tensile specimen is shown in
Fig. 1. The corrosion rate during exposure was low enough so that all
of the specimens were still within the * 0.00l-in. machining tolerance
when measured just before testing. All of the specimens except those of
commercial Zircaloy-<2 were machined so that the longitudinal axis of the
specimen was parallel to the rolling direction. The Zircaloy-Z2 specimens
were machined from scrap material remaining from the HRE-Z core~tank
development and were not always ldentifiable as to the rolling direction.
However, previous tensile tests conducted on this material revealed very
little difference in the longitudinal or transverse direction of this

plate.

4J. R. Engel et al., Summary of HRE-2 Run 13 {Initial Power Operation),
ORNL~CF-58-~10-115.

3J. R. Engel et al., Summary of HRT Run 14, ORNL-CF-59-6-96.
®P. N. Haubenreich et al., Sumrary of HRT Run 17, ORNL-CF-60-8-151.
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The unirradiated and irradiated tensile specimens were measured and
broken remotely in the hot-cell facility of the Solid State Division.

All of the tests were conducted at room temperature, using a constant
crosshead rate of 0.05 in./min. Stress-strain curves were obtained from
the movement of the crosshead and, in some cases, extensometer curves
were also obtained,

The purpose of the extensometer measurements was to check the accuracy
of the elongation values obtained from the crosshead motion. The shoulders
of the tensile specimens were not threaded (to facilitate in-cell testing);
consequently, the specimens were pulled using chuck jaws. As the chuck
Jaws bite into the tensile specimens, this motion is recorded as elonga-
tion when monitoring is performed at the crossheads. 1In the case of the
extensometer, the motion that is recorded is that which takes place only
within the gage length. It would be expected then that motion recorded
from the crossheads would yield higher elongation values. This was
cbserved in the case of type 347 steinless steel but, in the case of
crystal-bar zirconium {(cross rolled), Zircaloy-2 code B, and A-40

titanium, the differences were small.
DISCUSSION AND RESULIS

Shown in Tables 14 are the average values of the tensile properties
for the various groups of metals studied. Also shown are the maximum and
minimum vaiues, the percentage change of the mean value, the standard
deviation, and whether or not a statistically significant change (at the
5% significance level) has taken place. The procedure used to determine
the standard deviation and whether or not a statistically significant
change has occurred are explained in the Appendix.

The values for uniform elongation shown in Tables 2 and 3 are taken
from the recorded stress-strain curves and are described as the change
in gage length per unit length between the 0.2% yield stress and the
point of maximum load (i.e., the ultimate tensile strength). The necking
elongation is obtained from the stress~strain curves and is the change
in gage length per unit length from the maximum load to the point of

fracture.



Table 1. Yield and Tensile Strengths of Various Materials as Influenced by Exposure in the HRE.2

0.2% Offset Yield Strength Tensile Strength
Percentage Percenta
No. of : S 9
. leradiated or ©: 9 0.2% Yield Maxand Min Change of  Standard Ultimate Tensile Max and Min Change of  Standard
Material T Breaks Values, 0.2% nae Significant Significont
Unirradiated Averaged Strength \ 2 Y Meon as  Deviation °'GRITICEAT  Gyrepgih (mean)  Tensile Strength  Mean as  Deviation i9nitican
(mean) (psi) Yield S‘I’reﬂgfh Result of (psi) Change (psi) (psi) Result of (psi) Change
{psi) Exposure Exposure
30,000 48,900
Crystal-Bar Unirradiated 4 30,000 330 48,400 8 512
Zirconium 29,600 47,700
29,000 47,100
Core {low 2 28,300 -2.3 522 Yes 46,800 -3.3 426 Yes
Hux)® 27,500 46,500
66,700 72,500
Zircaloy-2 Unirradioted 8 65,200 1005 71,200 564
{Core Tank} 63,700 70,700
66,300 71,800
Core {low 6 65,300 64.700 +0.2 463 No 71,400 71.000 +0.3 250 No
flux) 4 4
66,300 71,400
st Bionket® ] 65,100 64300 -0.2 493 No 70,900 70,600 ~-0.4 252 No
loading g .
68,400 72,900
2nd Blonker® 2 68,300 €8.300 +5.1 750 Yes 71,800 70,700 +0.8 603 Ne
loading 4 ’
56,900 74,100
Zircaloy=2 Unirradioted 6 5,400 4900 776 73,500 72'900 521
{Code B) g !
56,100 73,800
Core {low 2 54,900 51700 -0.9 809 No 73,600 73,300 -0 406 No
flux) d d
58,400 75,100
2nd Blanket 2 58,100 57 800 +4.9 596 Yes 74,900 74,700 +1.6 399 Yes
loading . g
66,600
Zircaloy-2 Unirrodiated 2 66,600 £6.600 0 81,100 :;'jgg 990
(Code B) , ,
Beta-Quenched 74,600 86,100
oen Znd Blanket 2 73,600 T 500 +10.5 324 Yes 86,000 55 800 +6.0 716 Yes
loading * ’
58,800 69,000
Zircoloy.2 Unirradioted 6 57,500 54.800 1582 67,000 65,300 1365
Welded 4 4
{Cobe B} 59,200 67,100
Core (low 2 59,000 58 800 +2.6 1184 No 66,500 65,900 -0.7 1055 No
flux) s .,
60,500 67,400
151 Blanket 2 59,700 53,800 +3.8 1247 . Me 66,500 65’500 -0.7 1112 No
loading . 4
62,600 69,200
2nd Blonket 2 61,200 . +6.4 1352 Yes 68,400 +2.1 1085 No
foading 59,800 67,600

“Estimated fast {>1 Mev) nevtron dose is 0.8 x 1018 nwt,
BEstimated fast {>1 Mev) neutron dose is 1.3 x 1017 nvt.
“Estimated fast {>1 Mev) neutron dose is 2.6 x 1018 nut,
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Table 1 (continued)
0.2% Offset Yield Strength Tensile Strength
No» of X Percentage Percentoge
Material Irradiated or  poopo 0.2% Yield Max and M"; Change of  Standord Ultimate Tensile Mox and Min Changs of  Stondard .
Unirradiated 4 o0 oq  Strength Values, 0.2%  Megnas  Deviotion Vgnificant Strength {meon} Tensile Strength  Mean as  Deviation Significant
9 (mean} (ps!) Yield St.rength Result of (psi) Change {psi) (psi) Result of tpsi) Change
(psi) Exposure Exposure
40,800 48,800
a40 Unirradiated 9 40,100 676 47,800 ’ 622
Tiranivm 38,500 45,800
40,000 48,100
Care {low 2 39,600 ! -1.2 520 No 47,700 -0.2 541 No
o) 39,200 47,700
44,700 52,000
st Blonket 7 41,700 +4.0 k7ad Yes 50,900 +86,5 367 Yes
loading 40,600 50,000
48,400 58,000
2nd Blanket 2 46,700 ' +16.5 815 Yes 57,500 £20.3 547 Yes
looding 44,900 57,000
A-110 AT Unirrodiated 2 122,400 123,000 85 132,100 193,200 156
Titanium e ' 121,800 : 121,000
124,200 133,200
1st Blanket 2 124,100 +1.4 608 Ne 133,100 +0.7 i No
laading 124,000 133,000
48,000 95,800
Type 347 Unirradiated 8 45,000 287 90,800 4214
Stainless 42,000 86,300
Steel 45,900 88,700
Core {low 6 43,300 ~3.8 1167 No 87,700 -3.4 1783 No
o) 40,800 85,400
50,000 98,000
1st Blanket 4 47,700 +6.8 1287 No 97,000 +4.8 2185 Yes
loading 45,500 95,800
54,900 96,900
Type 347 Unirradiated 4 53,900 1155 96,900 [
Stainless 52,900 94,900
Steel (welded) 58,800 98,000
eel (we Care (low 4 56,800 8.2 947 Yes 97,300 +0.4 38 Yes
Hox) 55,300 96,500
62,700 101,500
2nd Blonket 2 £2,400 +15.8 671 Yes 100,800 +4.0 25 Yes
loading 62,100 100,000
65,100 94,100
Type X4 Unirradioted 2 64,300 mn 93,500 849
Stainless 63,500 92,900
Steel 64,700 93,700
Core (low 2 62,800 ~23 2108 No 91,800 _18 2040 No
Hux) 60,800 89,800
65,100 94,800
Type 304 L Unirradiated 2 44,M0 283 94,500 495
Stainless 64,700 94,100
Steel 67,800 96,400
Znd Blonket 2 67,700 +4.3 224 Yes 26,200 +1.8 430 No
loading 47,600 95,900
40,300 94,500
Type 309 SCb Unirradiated 4 58,400 ‘ 1658 95,100 526
Stoinless 56,800 95,500
Steel 59,800 100,200
2nd Blanket 2 59,500 +1.9 1257 Ne 95,800 +3.7 464 Yes
loading 59,200 99,400
48,600 86,500
Incoloy Unirrodioted 2 48,400 283 86,300 283
48,200 86,100
49,300 93,200
2nd Blanket 2 48,600 47,800 0.4 776 No 93,000 92,500 +7.8 283 Yes

looding




Table 2. Elongution Yolues of Varicus Materiols Obtoined from Crossheod Motion as Influenced by Exposwre in the HRE-2

Elongation Velues Obtained fram Crosshead Motion

Tate] Elongation

Unitorm Elongation

Necking Elongation

Material Irradiated ar grz:a:i Max and Min  Percentage Max and Min  Percentoge Mox and Min  Percentage
Unirradiated Total Velues of  Change of  Standard Uniform Values of  Change of  Standard Necking Values af  Change of  Stondurd
Averaged E longation Total Mean as  Deviation Significant Elengation Uniform Mean as  Deviation Significant Elangation Necking Mean as  Deviatian Significant
(mean) (%) Elongation  Result of &3] Change {mean) {5}  Elongation  Result of %8} Change {mean) (%) Elongation  Result of {%) Change
(% Exposure {%) Exposure (%) Exposure
44.8 2.5 6.
Crystal-8ar Unirradiated 4 42.0 3.34 27.0 2 15.0 1.6 1.83
Zirconium 7.2 4.8 12.4
40.6 27.2 13.4
Core {low 2 38.5 1.3 -8.3 2,83 Ne 258 243 -4,4 1.75 Na 12,7 120 -153 1.44 Ne
flux) - . g
24,8 K .
Zircaloy-2 Unirradiated 8 3.5 Ne 1.09 7.6 : 2 0.84 15.9 :: : wm
(Care Tank) - " .
0.4 8.2 2
Core {low [ 241 ;‘ o +2.6 127 Ne 7.4 o7 -26 0.41 No 16.7 fi f +5.0 iR L No
flux) . . .
241 8.3 16.0
1st Blanket é 2. 204 8.0 0.44 Yes 7.4 62 -2.5 0.46 Na 14,7 ]j 2 -7.5 0.51 Yes
loading . . .
L0 7.2 4.5
2nd Blanket 2 0.6 -123 0.82 Yes 6.9 ~-9.2 0.64 Na 137 -138 0.87 Yes
loading 0.2 6.5 13.0
32.5 19.5 .
Zircaloy-2 Unirradiated ) 9.0 2.75 16.9 1.43 12 15.8 217
(Cade B} 26.0 15.0 10.1
2.2 150 10.4
Core {low 2 25.8 -110 2,14 N 15.5 -8.3 1.38 N 3 - 14, K
?!r:‘) o 25.4 o 15.0 o 10.3 0.2 4.9 1.62 Ng
2.5 16,3 0.0
2nd Blonket 2 25.5 2.5 - 121 2.1 Ng 158 15.0 -4.5 1.26 No 9.7 05 -19.8 1.82 No
loading g - S
223 12,5 .
Zircalay-2 Unirradiated 2 21,7 N 0.85 1.é 10.6 1.34 10.1 12 : 0.67
{Code B) . g .
BetaQuenched 12.5 1.0 7.0
2r;d Blanket 2 17.0 165 -7 0.78 Yes 10.2 0.5 -12.6 L No 6.7 6.5 - 33.7 0.54 Yes
aading - . -
159 9.0
Zircaloy.2 Unirradiated 3 12.2 07 2.17 6.3 a0 1.69 5.9 :‘? 0.73
Welded A 3 :
{Code B} L2 4.4 7.2
Core {low 2 9.7 8.2 -~ 0.0 L77 No 40 40 -36.5 1.26 No 57 42 ~3.4 0.89 No
flux) . > .
13.2 6.7
151 Blanket 2 e 10.5 ~2.5 1.74 Mo 6.0 52 - 4.8 1.31 No 5% ii 0 0.62 No
leading . . »
1.1 55 3
2nd Blanket 2 10.6 -13.0 1.84 No 5.3 -15.9 1.26 No 53 36 ~10.2 0,57 No
foading 10.1 5.2 49
513 4.
A40 Unirradiated 9 45.9 3.93 10.0 ¢ 2.29 35.9 .3 3.3
Tiranium 40.5 8.2 31.8
40.8 9.0 32
Core (low 2 40.8 -1 2.90 Na a.% - 118 1.49 N 31.9 i ~11.1 2.49 N
flm) 0.8 8.7 ° 3.8 °
2.0 14.4
1st Blonket 7 8.1 -17.0 1.96 Yes 1.1 +11.0 1.07 No 27.0 0.0 -24.8 1.63 Yes
Ivading 32.8 9.0 23.8
350 135 3
Znd Blanket 2 32.8 0.7 ~26.3 300 Yes 1.6 o7 +16.0 1.83 No N2 72: Z - 46.5 2.91 Yes
faading . . :



Table 2 (continued)

Elongation Yalues Obtained from Crosshead Motion

Total Elangation Unifarm Elongatian Necking Elongotion
Irradiated or No. of Max and Min  Percentage Max and Min  Percentage Max and Min Percentage
Material Unirradiated  Dreaks Tatal Valves of  Change af  Standard Uniform Values af Change of  Standard o Necking Valves of Change of  Stondord
Averaged  Efongation Total Mean as  Deviation Significant Elongation Uniform Mean as  Deviation >ignificant Elongation Necking Meanas  Deviation Significant
(mean) (%) Elongatian  Result of (%) Change (mean) (%) Elongation Result of (%) Change {mean) {%) Elongation Result of (%) Change
(%) Exposure (%) Expasure (%%) Exposure
21.0 10.9 10.1
A-110 AT Unirradiated 2 19.8 1.70 10.6 0.49 9.2 0.67
Titanium 18.6 10.2 8.4
211 11.6 9.7
1st Blanket 2 0.7 +4.5 1.27 No 1.1 +4.7 0.61 No 9.6 +4.2 0.48 No
loading 2.3 10.6 9.5
87.4 75.4 12.3
Type 347 Unirradiated 8 81.8 3.25 70.4 3.32 114 0.82
Stainless 77.4 66.7 10.0
Steel 89.6 79.0 1.5
Core (low 5 82.1 +0.4 2.69 No 7.3 -53 0.38 No
Hox) 720 62.0 +1.3 256 No 10.8 10.0
77.2 67.0 1.6
1st Blanket 4 74.4 -9.0 6.38 No 63.3 -10.1 2.14 Yes 1.1 -2.6 0.48 No
loading 69.6 58.0 10.2
60.6 50.2 10.4
Type 347 Uniradiated 4 55.8 4.02 46.7 2.64 9.1 0.91
Stainless 53.0 4.6 8.3
Steel (welded) 61.0 49.3 m.7
Core {low 4 56.0 +4.0 3.09 No 47.0 +0.8 1.84 No 9.0
flux) 50.0 43.7 6.3 -1 0.67 No
53.9 46.0 8.6
2nd Blanket 2 52.6 -5.4 2.20 No 44.3 -5.1 1.57 No 8.3 -88 0.51 No
loading 51.3 42.7 7.9
70.4 57.8 12,6
Type 304 Unirradiated 2 67.7 3.82 55.7 3.04 12.0 0.78
Stainless 65.0 53.5 1.5
Steel 64.1 52.0 12.8
Care {low 2 63.7 -59 8.73 No 51.7 -7.2 0.971 Yes 12.0 0 2.17 No
flux) 63.2 51.3 1.2
72.5 61.0 12.0
Type 304 L Unirradiated 2 70.9 2.33 59.1 2.69 1.8 0.35
e loas 69.2 57.2 1.5
Steel 63.1 53.2 1.9
2nd Blanket 2 61.6 =131 2.26 No 50.7 -14.2 1.03 Yes 10.9 -7.6 3.18 No
loading 60.0 48.1 9.9
61.3 47.8 13.8
Type 309 SCb Unirradiated 4 59.1 2.15 46.2 2.22 12.9 1.33
Stainless 56.4 43.0 11.0
Steel 51.5 41.3 11.0
2nd Blanket 2 49.9 -15.6 1.90 Yes 39.3 -14.9 1.024 Yes 10.6 -17.8 2.09 No
. 48.2 37.2 10.2
loading
61.5 50.5 1.5
Incolay Unirradiated 2 57.8 5.30 46.5 5.66 11.3 0.35
54.0 42.5 11.0
56.0 46.0 10.5
2nd Blanket 2 55.5 ~4.0 3.78 No 45.3 -28 0.354 No 10.2 -9.7 4.07 No
55.0 44.5 10.0

loading




Table 3. Elongatian Valwes of Yarious Materials Obtained from Extensometer Data as Influsnced by Exposure in the HRE-2

Elongation Values Obtained fram Extensometer Data

Tatal Elongation Uniform Elongation Necking Elangation

Na. of
Material lrradiated or Breooks Mox and Min  Percentage Max and Min Percentage Max and Min  Percentage
Unirrediated Averaged Total Yalues of  Change of Stondard - Uniform Values of  Change of  Standard Necking Yalues of Chonge of  Stendard
Elongation Tatal Mean as  Deviation Significant Elongation Uniform Mean as  Deviation Significant Elongation Necking Mean as  Deviation Significant
{mean) (%) Elongaticn  Result of {%) Change {mean) (% Elongation  Resuit of (%) Change {mean} {%} Elongation Result of 3] Change
(%} Exposure (%) Exposure {%)y Expasure
41.2 20.8 2.4
Crystal-Bar  Unirradiated 3 39.9 1.31 20.7 0.059 19.2 115
Zirconium 38.6 20,7 17.8
3.8 22,2 17.6
Core {low 2 36.3 -8.3 8.28 Na 20.5 -1.0 L23 No 15.8 -17.7 1.62 No
flux) 32.8 18.9 13.9
i
Zircaloy-2  Unirradiated 4 29.1 528 3.55 14.3 167 1.59 14.8 177 2,82
o ! . o 3 . - s
ircaloy nirradiate 25.0 132 18 pond
(Code 8) 2.0 14.6 12.4 ©
Core {low 2 25.3 ) ~13. 270 No 13.4 ’ -6.3 1.40 No ne ’ -19.5 1.99 No i
Hux) 2.6 12.2 1.4
54.5 8.5 46.6
A-40 Unirradiated 3 48.3 7.32 7.9 0.65 38.4 7.46
Titanium 40.5 7.2 32.0
43 7.1 359
Core {low a 43.0 -7.1 6,90 No 7.1 -0 0.50 Mo 359 - §.5 7.04 Mo
flax) 6.8
1st Blank 3 34.8 7.8 24.8 5.78 N 7.8 e 13 0.8 N 27.0 29.2 9.7 575 N
i = — 24, N . -1 . B — 2. .
Toading 3.2 ) 7.5 ° 25.7 ¢
Type 347 Unimodiated 4 58.5 620 112 48.8 312 1.67 9.7 137 4.1
ype niradiate 3 . X . . 5
Stainless 553 47.5 4,1
Steel 66.0 52.7 14.9
Core (low 3 59.0 +0.9 38 Ma 49.7 1.8 1.96 Na 9.3 -4.1 2.62 No
flux) 49.0 43,0 52

“0ne break for total elangation, 2 breaks far uniform elongation, Specimen was damaged during te sting.



Tuble 4. Reduction of Area and Anisotropy of Yorious Materios as Inflvenced by Exposure in the HRE-2
Reduction af Area Ratio of Fractuse Diameters kyy Volues
Mox and Min  Percentage o Parcentoge Percentuge
Moteriol Irrodioted or :,:u:i Redaction  Voluesof  Changeof  Stondard Ratio of Max and Hin Change ut  Standord Max ond Min  Chonge of  Standard
Unirrodioted 4 of Aea  Reductionof Meanss  Devistion SWMificant pope  Valvesof Ratioaf  egnss  peviation Slanificant ko Volves Tygeiof Meanos  Deviation Significont
verage 19%) Aree Result of ) Change  pigmoters  Fractore Diameters  Racyirof o7} Change {meun} k, Result of J£2) Chonge
% Exposure ] Expasure 4 Expusure
57.8 1,685 - 0.8013
Zircoloy-2 Unirradiated 4 55.2 L75 1.627 0.04 ~0.8028 0,0024
(Core Tank) 337 1588 - 0.8060
5.2 L7 ~0.7984
Ts# Blanket 2 572 36 1.8 No 1,660 +2.0 0.5 No ~0.7989% +0.5 00008 No
{oading 55.2 1.61 —0.7993
54, 1.589 _0.7945
Ind Blankst 2 537 7 ~2.7 15 No 1.583 -7 6.5 No - 0.800% 0.2 0.004 No
ooding $2.6 1.577 -0.8073
380 1127 _0.6239
Zircoloy-2 Unirradiated 2 7.4 ot 145 1127 16 0.0007 —0.6271 om0 0.0644
(Code B) . . o
363 1144 ~0.60%2
2nd Blonket 2 355 -5 L4 No 1132 +0.4 0.025 Mo ~0.6391 ~19  0.0103 No
oading 344 (AT - 0,6489
31, 116 - 0,8450
Zircaloy-2 Unirradiated 2 2.8 25; 407 1,106 Toos 0.014 - 0.6500 08565 0.007
{Code B} : . ~0.
Beto-Quenched 27.6 LS - 0.6543
Ind Blanket 2 26.7 -7.3 31 No 1106 0.0 0.0 Ne - 0.6599 L5 00070 No
aoding 25.7 1.09% ~0.6648
0.3 110 - 0.5589
Zircalay-2 Unimrodioted 4 5 2.83 1.081 0,02 - 0,5829 0.0165
Welded 37 1.05 ~0.5936
(Cods B) 038 LYY —0.5437
Ist Blonket 2 3.4 +2.4 2.6 Mo 1.080 -0 003 Mo —0.575¢% 412 0018 No
looding 68 1.04 - 0.6081
05 [T - 0.5686
nd Blonket 2 7.7 0.5 2.7 o 1.087 -0.6 0.03 Ne - 0.5863 -0.6 00520 No
Joading 459 1.06 - 0.8039
70.1 2.05 - 0.7973
£-40 Unirrodiated 4 §7.6 238 2,008 0.048 _0.8093 0.0101
Tioniom 65,0 1.96 - 0.8205
75.6 2.37 - 0.7890
Ist Blanket 4 714 +5.6 216 No 2,113 +53 610 No - 0,7963 +161 000648 No
osding 670 1.89 - 0.8047
8.0 1.973 -0.7814
2nd Blonket 2 8.6 “15 1.80 Mo 1.948 ~30 .04 No - 0.7861 2.9 0.00809 Yes
leoding 8.3 1.923 o707
450 [REH - 0.59%
A0 AT Unirradiared 2 44.1 1.34 1131 0.032 - 0.6067 05,0160
T iranim 431 1125 -~ 06138
00 110 ~0.6012
Vst Blanket 2 9.2 —1a 1.76 No 1.100 -27 0.02 No 05964 SL7 0 0.0085 Ne
ooding B4 (AT ~0.5915
63.5 1.050 - 0.5033
Type 347 Uniadiated 4 814 o 1.62 1.029 1ot 0.018 ~0.5151 052 0,102
Stainless g - —H.
Steel 6.5 1.030 ~0.5102
T5t Blanket 4 2.6 +2.0 2,42 No 1,025 ~0.4 8.0 No - 085132 04 0005 No
ooding 58.0 1.020 - 0.5148
76.4 1020 - 0.5064
Type 304 L Unirradicted 2 74.1 3.32 1.020 [ - 0.5073 0.001
Sroinless na 1020 - 0.5082
Steal 78.0 1014 ~0.50%7
i 2nd Blarket 2 75.5 +1.8 343 No 1012 ~08 0,002 No ~0.5043 +0.6 0,001 No
loading 730 1.010 - 0.5047
674 1032 ~0.5072
Type 09 SCh  Unirradioted 4 548 2,66 1.024 0.008 ~0.5109 0.0032
Stoinless 1.1 1015 - 0.5144
Steal ny 1.020 - 0.5089
b 2nd Blonket 2 .8 7.7 232 No Lo1s -0.9 £.007 No ~0.5081 09 0.0 No
loading §7.8 1.010 - 0.5082
) 613 1.023 - 0.5076
Incaloy Unirradiated 2 s15 ot 0.57 1,021 rois 0.004 - 0.5098 sl 0.0032
56.6 1.045 ~0.5126
2nd Blanker 2 5.7 +6.8 1.46 o 1.038 7 o No ~0.5173 ¥ 0.0052 No

loading 547 1.0%0 ~0.5219

- TT
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When titanium and zirconium alloys are strained in tension, the
reduction that occurs in the specimen is not as uniform as it is in
steels. The metal usually contracts less in the thickness direction of
the plate than in directions in the plane of the plate, thus leading to
an elliptical cross section in originally round specimens. The sizes
and shapes of such ellipses are reproducible and are related to the
thermal and mechanical history, composition, and specimen orientation.
The averaged ratio of the fracture diameters is shown in Table 4. Var-
iations in the elliptical axes are a sensitive indication of anisotropy.
Shown in the last column in Table 4 are the kxy values.’ A completely
isotropic material would have a kxy value of —0.5. As the anisotropy
increases, the kxy value approaches —1.0. The kx is the ratio of the
contractile true strain in the plane of the plate to the total axial
true strain. This ratic is constant for any axial true strain greater
than approximately 0.02,

It should be noted that these specimens have been exposed to
relatively small-to-moderate neutron doses. The results must there-
fore be considered as screening tests and evaluated for possible trends
rather than for the actual magnitude of the changes.

When statistically significant changes occurred as indicated in
Tables 1—4, the following yardstick was used to measure the extent of

damage as related to the percentage change:

Extent of Change % Change®
Very small < 7.0
Small 7.1 to 17.0
Moderate 17.1 to 35.0
Large 35.1 to 50.0
Very large > 50.0

7P. L. Rittenhouse and M. L. Picklesimer, Metallurgy of Zircaloy-2
Part II. The Effects of Fabrication Variables on the Preferred
Orientation and Anisotropy of Strain Behavior, ORNL-2948 (Jan. 11, 1961).

8Percentage changes were calculated to the closest 0.1%.
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It should be mentioned that in many cases there were considerable
percentage changes, but they were not statistically significant since

the variability of the unirradiated specimens was also large.
Crystal-Bar Zirconium

Low-Flux=Core Region. A very small but statistically significant

decrease was observed in the yield and tensile strengths,

The original material was cold reduced about 90% and vacuum annealed
at 525°C for 3 hr. As was mentioned previously, the temperature was
below 250°C for 190 hr and between 250 and 300°C for 890 hr. The long
time between 250 and 300°C might have caused additional annealing over
the 3 hr at 525°C since it is believed that the radiation strengthening
at 0.8 x 10'® nvt 1is negligible. There were no significant changes in
ductility, i.e., from the elongatior values as obtained using crosshead
and/or extensometer motion. This material was practically unaffected by

the exposure condition.
Zircaloy-2 (Core Tank)

Low-Flux-Core Region (0.8 X 10> nvt), No significant change was

noted in any of the mechanical properties.

First Blanket Loading (1.3 X 10*7 nvt). No significant changes were

Cbserved in the yield or tensile strengths or reduction of area; however,
there was a small decrease in the necking and total elongation, as shown

v report a greater reduction in uniform

in Table 2. Kemper and Zimmerman
strain than for necking elongation., This is opposite to the findings in
this report. However, their irradistions were performed at 40 to 60°C
to an estimated integrated thermal neutron flux of 1.4 X 102% nvt.

Second Blanket Loading (2.6 X 10*® nvt). A very small increase in

the yield strength and a small decrease in the necking and total elongation
were noted., No significant change was observed in the reduction of area.
Except for a very small decrease in ductility for the first and

second blanket loading and a very small increase in the yield strength

°R. S. Kemper and D. L. Zimmerman, Neutron Irradiation Effects on the
Tensile Properties of Zircaloy-2, HW-52323 (Aug. 22, 1957).
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for the second blanket loading, this material was practically unaffected

by the various exposure conditions.
Zircaloy-2 {Code B)

Low~Flux-Core Region. No significant changes were observed in any

of the mechanical properties.

Second Blanket Loading. Small but significant changes were observed

in the yleld and tensile strengths, but no changes were observed in the
ductility, i.e., from elongation or reduction of area values.
Percentagewlse, there was a smell-to-moderate decrease in elongation
values under both conditions of exposure but, statistically, these
decreases were not significant due to the large spread in values for

both the unirradiated and irradiatédnconditions.
Zircaloy-2 (Code B) Beta Quenched

Second Blanket Loading. Small but significant increases occurred in

the yleld and tensile strengths. Moderate decreases were observed in
the necking and total elongation. The beta-quenched material appeared
to undergo greater changes in tensile properties than did the unquenched

material.
Zircaloy-2 (Code B) Welded

No significant changes were observed for specimens exposed to the
low-flux~core reglon or to the first blanket loading. However, a very
small but statistically significant increase was noted in the tensile

strength as a result of exposure in the second blanket loading.
A-40 Titanium

Low-Flux~Core Region, No significant change was observed in any of

the mechanical properties.

First Blanket Loading. Very small but significant increases were

obgserved in the yield and tensile strengths and a small-to-moderate
decrease was noted in the necking and total elongation. I% should be
noted that the percentage changes in elongation using the extensometer
wvere greater than those obtained from the crosshead motion. The

veriability of the unirradiasted specimens using the extensometer was
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greater than thatit obtained trom the crosshead motion for the total and
necking elongation so that no significant change was observed in the
extensometer data.

The fact that the larger sigpificant changes occurred in the A-40
titanium than in any of the materials tested is probably related to the
fact that this material has the lowest initial yield and ultimate
strengths.

Second Blanket Loading. ©Small-to-moderate increases were observed

in the yield and tensile strengths with moderate~to-large increases in
the total and necking elongation. The reduction in area was not affected;
however, a very small decrease in anisotropy was noted. Of all the
materials exposed in this loading, the greatest changes occurred in the

A-40 titanium.
A-~110 AT Titanium

First Blanket Loading. No significant change was observed in any of

the mechanical properties., This material appeared to be the least
sensitive to the reactor environment of the three titanium alloys tested.
A slight yield point was observed for both the control and irradiated

conditions.
Type 347 Stainless Steel

Low-Flux-Core Region. No significant changes were observed.

First Blanket Loading. No sigrificant change was observed in the

yield strength but a very small increase was observed in the tensile
strength. A small decrease was observed in the uniform elongation but
the reduction of area was unaffected. About 86% of the total elongation
is necking elongation so that there is not a serious loss of ductility

as & result of irradiation.
Type 347 Stainless Steel (Welded)

Low-Flux-Core Region. A very small increase was observed in the

yield strength., The variability of the tensile strength of the un-
irradiated specimensg was very small., All four bresks had the same

tersile strength so that, even though there was only an 0.4% increase
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in the irradiated specimens, it was a very small but statistically
significant increase.

Second Blanket Loading. A small increase in the yleld strength and

a very small increase In the tensile strength were observed. There were

no significant changes in the ductility.
Type 304 Stainless Steel

Low-Flux~-Core Region. No sligpificant changes were observed except

for a small decrease in the uniform elongation.
Type 304L Steinless Steel

Second Blanket Loading. A very small but signiflcant increase was

observed in the yield strength and a small decrease was observed in the

uniform elongation.
Type 309 8Cb Stainless Steel

Second Blanket Loading. A very small but significant increase was

observed in the tensile strength and a small decrease was observed in

the total ahd uniform clongation.
Incoloy

Second Blanket Loading. A very small increase was observed 1n the

tensile strength but no significant decrease was observed in the ductility

as measured by percent elongation.
CONCLUSTIONS

Some very small changes were observed in the tensile properties as
a result of the smallest exposure (i.e., 0.8 X 10%® nvt), but these were
almost insignificant. At 1.3 X 107 nvt, some small decreases in
ductility were observed for Zircaloy-2 core tank, type 347 stainless
steel, and A-40 titanium. At 2.6 X 10%® nvt, small but definite changes
in some of the mechanical properties, usually as slight increases: in
tensile and yleld strengths and small reductions in elongation, were

obeerved in all of the materials exposed with the greatest changes
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occurring in the A«40 titanium. The extent of corrosion was practically

negligible for the three exposures.
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In order to determine if the observed changes in the mechanical
properties were statistically significant, the following procedure was
used.

The sum of the squares of the deviation from the mean was determined
for the various mechanical properties of materials of interest in the
unirradiated and irradisted conditions., This quantity is identified as

follows:

n n \2
ssun=[zx§~<z xi)} (1)
i=l 1=1

n
vhere the subscript un represents the unirradiated condition and X;, Xg,
X3...Xn are the individual values of the particular mechanical property
being evaluated.

The standard deviation for the difference between the two means
(i.e., X&n - ﬁirr where the subscript irr represents the irradiated

condition) is estimated by

AR I )}" g

irr

where nun and nirr are eqgual, respectively, to the number of unirradiated
and irradiated tests. The standard deviation for the unirradiated

condition is estimated by

[:ssun J 3)
Sun = Il - (

un

Nf=

The procedure for testing the significance of the difference between

two means was to compute the ratio

t = (4)
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and compare tc with the 5% value of t(with nun + nirr~2 degrees of
freedom) as tabulated in tables of the "Student's t Distribution".C

Ir Itcl = t, the difference between the two means was declared statisti-
cally significant at the 5% level. If, on the other hand, [tC{ < t,

the conclusion was that there was insufficient evidence to detect any
difference between the two means. An example illustrating the above is
shown Dbelow.

Consider the case for crystal-bar zirconium where it is desirable
to calculate the standard deviation of the 0.2% yield strength for the
uniirradiated and the irradiated conditions and also whether or not a
statistically significant change has occurred as a result of the exposure
to the reactor environment.

The standard deviation for the unirradiated condition is estimated
by Bq. (3), where SSunfmthe sum of the squares of the deviation from the
mean as defined in Eq. (1). Also found in Eq. (1) are X3, X, X3...X
which are experimentally obtained individual values of the 0.2% yield
strength,

Two double-break tensile specimens (i.e., four tests) of crystal-
bar zirconium were pulled and the following results were obsdined. for

the yield strength from unirradiated specimens:

X 10 X 10%
302 91, 204
298 88, 804
296 87,616
303 91, 809
1,199 359,433
also
X = &}%2 X 10? = 29,975; rounded off to the closest 100 psi, X = 30,000.
Then
2 .
£ X, = 1,199 x 10?2
. 1
i=1

1%\, Hald, Statistical Tables and Formulas, p 39, Wiley,
New York (1952).
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and
4
2 xi = 359,433 x 10%.
i=1

Substituting into Eq. (1)

2
2\ O
ss__ = [359,433 x 104 - {1199 X 107) J = 32.75 x 10* (psi)?

and from Eq. (3)

1
- (32.75 x 1C*P_ :
8., = (}___wﬁg._,,i) = 330 psi.

The standard deviation between the two means (i.e., iﬁn -Xirr) is
denoted by Eq. (2), where nun = pumber of tests made on unirradiated
material, nirr = number of tests made on irradiated material.

In order to calculate s,z =

(X X
un irr
(i.e., with reference to irradiated specimens from the low-flux core

)’ it is necessary that Sszfc

region) be calculated.

x 102 x 104
275 75,625
290 84,100

565 159,725

2 2
From Bq. (1) 8S,. = [159,725 X 10% - iféf_;_ig_l J = 112.5 x 10% (psi)?2.

£fc

Substituting into Eq. (2)

4 4
|2
- .= Bi32'75 hd 112'50) <§.25 + o.5q;ﬂ 102 = 522 psi
- Xﬁfc) 4+ 2 -2

s ,—
(Xun

also

—

X,., = 28,300

In order to determine if the difference between the two means
(i.e., iﬁn-'iirr) was statlistically significant, it was necessary to

calculate t., as defined by Eq. (4). In this case
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_ 30,000 - 28,300
c 522

= 3.26.

From tables of the t distribution where the degree of freedom is 4
(i.e., 4 + 2 - 2) and corresponding to the 5% significance level,

t = 2.776.

In this example ltcf > %, indicating that a statistically significent
change has occurred as a result of the exposure. The decrease in the
yield strength from a mean value of 30,000 toc 28,300 psi indicates that,
at this low dose, the effect of annealing was more predominant as

compared to the strengthening effect produced by the neutron bombardment.



1.
2=3.
b3,

10.
11.
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27=29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43-57,
58.
59.
80.
6l.
62.
63.

65-79.
80.

~ 25 -
DISTRIBUTION

Reactor Division Library
Central Research Library
Laboratory Records Department
ORNL Y-12 Technical Library
Document Reference Section
lLaboratory Records, ORNL RC
ORNL Patent Office

Adamson, Jr.

Beall

Berggren

Bohlmann

Briggs

Burch

Compere

Cunningham

Douglas, Jr.

English

Farnham
Frye, dJdr.

Gall
. Griess
. Hill, Jr.
. Hill
Jenks
. Kasten

Leonard
Iongendorfer
Iundin

R. N. Lyon

H. G. MacPherson

H. F. McDuffie

J. R, McWherter
A. R. Olsen
E. W. Parrish

-

12

»

.

RamdoRegEaoaqYGESDETnQ
5gqgam_mmzo§cm_z¢:»mwwmmmmz

P. Patriarca

M. L. Picklesimer

J. J. Prislinger

H. C. Savage

H. E. Seagren

I. Spiewak

A. Taboada

A, M. Weinberg

J. R. Weir

J., C. Wilson

Division of Technical Information
Extension (DTIE).

Research and Development Division (ORO)}






