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MECHANICAL PROPERTIES OF URANIUM ALLOYS
INTRODUCTION

Cavitational swelling in uranlum-base fuel has been attributed to
boundar¥l?11ding arising from internal stresses due to anisotropic

growth.

tially along boundaries or at intersections of boundaries. This
mode of swelling occurs at Intermediate temperatures, 375-550°C,
.after exposures have exceeded threshold values which are dependent

on alloy composition.

The mechanical propertles of uranium-base alloys might be expected
to correlate with thelr swelling susceptibility. Room-temperature

tenslle tests were made on a series of alloys to explore the

possibility of such a relation and isolate the specific properties
of major importance. This memorandum presents the results of the
tensile tests. Correlations of these results with swelling suscep-
tibility will be made in later reports of the irradiation behavior

of the fuel materials,.

SUMMARY

Room-temperature mechanical properties were determined for dingot-
and ingot-base uranium alloys contailning Fe, Si, Al, and Mo. The
principal effects of alloy additions on the mechanical properties
of beta-treated (oil-quenched) materials were as follows:

© As iron, silicon, and aluminum additions increased in:

Dingot-Base Alloys (50 ppm C

)

Ingot-Base Alloys (500 ppm C)

Yleld strength increased
Ductillty decreased
- Fracture strength unaffected

Yield strength increased

Ductility decreased slightly
Fracture strength increased,
noticeably in higher alloys*

* The difference in the effect on fracture strength between
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Large cavitles or holes (10-200 microns) form preferen-

ingot- and dingot-base alloys may be related to differences in
crack nucleation and propagation in the two groups of materials.
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o There wag lilttle dlfference 1n deformation mechanisms
attributable to difference 1n carbon content between dingot
(50 ppm C) and ingot (500 ppm C) alloys.

o Molybdenum additions increased both ductility and fracture
strength of the alloys. The yleld strength was not altered.

o Alpha annealing increased the ductillity and strain-hardening
exponent, and decreased the yleld strength of the alloys.
These changes were due to relief of residual stresses that
arose durlng heat treatment and machining.

° Thermal cycling from room temperature to 630°C weakened low-
alloy ingot uranium and decreased its ductility from 8 to 2%.
Cold working prior to the thermal cycling lessened these
effects.

DISCUSSION

Alloy compositions representlng a wlde range of reslstance to
cavitational swelling durling lrradiation were selected for the
mechanlical tests. The alloys are listed in Table I. Unalloyed
dingot uranium (993) is the highest purlity uranium commercially

Aagad Talhla arA Parvrma Fha hoams Far Ana aarntiaocag AF allAwra TThallAawrand
AVALLAOMWLG adiivd LWL IS U.LJ.C MADT LWL JIICT DUJ. LT Wl QAL LY D, Viia .l LWyl

ingot metal contains about 500 ppm C as the principal impurity and
forms the base for the second series of alloys.

The distribution of the alloy constituents wifthin the mlcrostructure
of the alloys as determined by the prior hlstory, as for example the
heat treatment, has a significant influence upon mechanical behavior.
Consequently, most of the mechanical tests were performed on samples
in the beta-treated, oil-quenched conditlon, the standard heat

treatment used for 'F'up'l elementa When heat treated in this manner.

there 1s some fractlon of the alloylng addition present in a non-
equilibrium condition within some of the alloys. A limited number

of the alloys were also tesfted after alpha annealing.

"Button-end" tensile specimens of 1/8-inch diameter with a 1/2-inch
gage length were tested in tension at room temperature at a loading
rate of 250 1lb/min. Load-extension curves were recorded autograpl-
cally up to a strain of 4%, the 1limit of the extensometer. Original
and flnal gage diameters were measured. Selected points from the
load-extenslon record were converted to true stress and true plastic
strain and plotted as shown in Figures 1 to 16. 1In several cases
conventional englinering stress-strain curves were also prepared.
Each curve represents data from the testing of a single specimen
unless otherwise stated.

Mechanical propertles (Table II) obtained from the test data were:
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Property Method of Measurement

Modulus of elasticity (E) Slope of the initial (approximately
straight) portion of curve

Yield strength (¥Sg, o) Engineering stress at 0.2% offset
Tensile strength (UTS) Nominal stress at maximum load
Reduction in area (RA) Percent change in area, AA/Ag

Proportional limit (GY) True stress at point of departure
of curve from straight line

Fracture strength (¢r) True stress at fracture
Strain to fracture (€¢) Total strailn at fracture

Strain-hardening exponent Exponent in the relation ¢ = keo
(n) where 0 = true stress for rangeP
of € from 0.001 to 0,01 and
€p = true plastic strain

Strength coefficlent (k) Coefficient of €p in above relation

Both deformed and fractured specimens were examined metallographically
for twins, cracks, and other features related either to deformation

or fracture. Replicas of the fractured faces of the Specimens were
also examined with the electron microscope.

Properties of Dingot-Base Alloys

The base composition for determining the effects of alloying was
unalloyed dingot uranlum which 18 the highest purity uranium that
1s normally available for reactor use. The properties of this
material are listed 1n Table II. &Englneering stress-straln curves
of several specimens extended differing amounts are shown in

Flgure 17. Differences between the stress-straln curves are small,
even though none of the specimens was annealed prior to testing.

Figure 18, which compares stress~straln curves for as-machined and
annealed specimens, demonstrates that there 1s some degree of
hardening present 1n the as-machined (beta-treated) specimens. In
addition to machlining, the beta treatment and oil quench probably
also account for part of the observed hardening.

Comparison of the mechanical properties of the alloyed with the
unalloyed dingot uranium (Table II) indicates that 1r0nj silicon,
but have
essentlally no effect on the fracture strength (6r). uctility
and the strain-hardening exponent are reduced by alloying and the
strength coefficient (k% is increased by additions of iron and
aluminum but 1s decreased by the addition of iron and silicon. The
effect of these alloying additions then 1s primarily upon those
structural changes that influence the 1initiation of twinning and
slip and not upon the conditions that govern fracture.
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In all cases fracture occurred at the maximum load without any
measurable necking of the speclmens prior to fracture. This

effect 18 also manifested in the fact that the strain-hardening
exponent 18 greater than the strain at fracture. In the analysis
of the stress-straln curve byLmbahn,xQ)uit 1s shown that for metals
that conform to the relationship o = keéP, the condition for the
maximum in the stress-strain curve leads to the result that the
strain at this maximum is numerically equal to the strain-hardening
exponent. Since 1t 18 generally believed that a state of triaxial
tension exists in the necked region of a tensile specimens, the lack
of necklng in uranium implies that such a stress state almost
immediately initlates fracture within the uranium. The low ductility
of uranium at room temperature is then due to the inability of the
uranium to deform under a triaxial stress state without cracking.
At higher temperatures uranium does neck down prior to fracture, so
that this type of behavior appears to be asszociated with room-
temperature deformation. '

Properfies of Ingot-Base Alloys

Effect of Alloying

Table IX also compares the mechanical properties of several ingot-
bagse alloys. Four of these are low alloys of slightly differing
iron and sllicon contents, the others are intermediate or high
alloys based primarlily upon the addition of either 350 or 800 ppm
sllicon with iron, aluminum, or molybdenum additions.

The five unalloyed and low alloy ingot base cores showed greater
variations in some mechanical propertles than would be expected.
Alloys 33382 and 92794 which have nearly the same composltlon show
large differences in ductility, elastic modulus, provortlonal
1imit, strain-hardening exponent, and strength coefficient. Yield,
tensile, and fracture strengths are similar, on the other hand.
Although the compositions are similar, there i1s a pronounced
difference in the Fe/S1 ratilo, which is 4 for 33382 and 2.5 for
92794, Thils factor may influence the manner of distribution of
the iron and silicon within the alloys and hence alter their
properties.

The higher alloy additions are best examined by beginning with the
U-81 alloys of 350 and 800 ppm silicon. Addition of silicon

increages all of the propertles except ductility which decreased

from 9,0% for unalloyed ingot to 8.1% for U-350 ppm Si, to 4.9%

for U-800 ppm Si. The strengthening associated with the silicon
addition was more pronounced for the yileld strength than for tensile
strength at the 350 ppm level., With addition of 800 ppm Si both
yield and tensile strengths were increased., The addition of either
iron and aluminum to the U-350 ppm Si alloy caused a further increase
in strength (¥YS, UTS, Cy, and Op). TIron and aluminum appear to be
oppogite in thelr influence on ductility and strain hardening;

lron decreases ductility and Ilncreases n and k whereas aluminum has
little effect on ductility but decreases n and k. The simultaneous
addition of iron and aluminum to a U-250 ppm Si alloy ylelded an
alloy wlth properties simllar to those of the U-350 ppm Si alloy
except for lower values of n and k. The addition of 1000 Mo to

U-350 ppm S1 lowered the yileld strength and proportional 1imit only

8lightly, but had a pronounced effect in Inecreasing the uiltimate
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gstrength and ductility, as well as n and k.

The one high alloy that was free of large sllicon additions was
98359 which contained 300 ppm Fe and 900 ppm Al. This alloy had
mechanical properties roughly comparable to those of the Fe-81i-Al
alloy (XM2) of comparable total alloy content {about 800 ppm).
Values of n and k were higher for the Fe-Al alloy than for the
Fe-S1-Al alloy, but the strengths and ductility were about the
Same.

Several general features of the influence of alloying on mechani-
cal properties are evident:

° The only alloy addlition that significantly improved ductility
was molybdenum. All others (Fe, Si, Al) reduced ductility
as compared to unalloyed ingot uranium,.

° With one or two exceptions, the alloys had about the same
fracture strengths (or tensile strengths) and ductility,
although there were differences in YS, 0., n, and k. This
implies that varlations in alloying affec% plastle deformation
more than they affect fracture,

°o For uranium contalning small alloy additions, the difference
in carbon content between dingot (50 ppm) and ingot (500 ppm)
base uranlum had little effect on the mechanical properties.

o Correlation of property changes wlth alterations in level of
individual alloying elements is of doubtful validity in view
of the small sampling avallable, except for the case of Si
as described above.

Effect of Annealing

Prolonged anneallng in the high alpha region {(400-600°C) had a
pronounced effect on the properties of both ingot- and dingot -base
unalloyed and low-alloy uranium (Table III and Filgures 19 through
23). The principal effects were to improve ductility and increase
the straln-hardening exponent, except for 92794 where the exponent
decreased. Tenslile or fracture strengths increased sometimes
(33384 and 92794) or decreased (993, 927, and 02754). The yleld
strengths decreased,

In the case of the unalloyed dingot uranium, these property changes
produced by anneallng can be interpreted as arising from the relief
of Internal stresses lntroduced by beta treatment and machining.

In this case those properties sensitive to the state of internal
stress (¥S, &, and n) were altered, but those properties associated
with the fracture process (UTS, ¢r, and k) were not changed very
much.

In the 1ngot-base uranium and the low-alloy dingot, interpretation

of the property changes that accompany annealilng require consider-
atlon of microstructural changes that might attend precipltation

of phases such as U331, UgFe, UC, or UAlo, or segregation of the

alloy elements to preferred sites. The data are not extensive or
certain enough, however, to draw any significant conelusions. Detalled
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metallographic examination, including transmission electron
mlcroscopy would aid such interpretation.

Effect of Thermal Cycling

Thermal cycling between room temperature and 500°C produced cavities
8lmilar, in Eh?ir early stage of formation, to those produced during
i1rradiation. {3 The effect of such treatment on the mechanical
properties of low-alloy ingot uranium is shown in Figure 24, Two
sSpecimens, one as-machined and one cold-worked (prestrained 1%),
were cycled from room temperature to 630°C for 4 hours, the cycle
being 1 minute in the furnace and 1 minute out. Thermal cycling
weakened the metal as would be expected and lowered the ductility

of the as-machlned specimen to about 2%. The specimen that was

cold worked prior to thermal cycling appeared more resistant to the
weakening effects of cycling than the as-machined specimen., Its
propertles were simllar to those of the alpha-annealed (100 hours

at 400°C) specimens. Since the speclmens were not run in duplicate,
the structure of the alloy in the thermal cycled condition 1s not
known.,

Microgtructural Features of Deformation

The course of deformation in the unalloyed dingot uranium was
accompanied by an increase in the volume fraction of twins and in
the total amount of internal boundary per unit area, Table IV and
Flgures 25 and 26, As deformation proceeded the ratio of fraction
of twlns to reduction in area decreased, indicating that twinning
contributed relatively less and slip relatively more to the
deformatlion as the deformation increased. Subgrain boundaries in
those areas relatively free of twins were counted Separately. On
the basis of these counts, there was apparently a decrease in the
Ssubgrain surface to volume ratio or an increase in subgrain size
during deformation. This 1s contrary to the expected decrease in
subgraln size usually observed in celd working and implies that
there is considerable subgrain boundary mebility in unalloyed
dlngot uranium at room temperature.

Fractographic Studles

Examinatlon of fractured speclmens revealed features of distinction
and similarity among the alloys, Table V. The general fracture sur-
faces were commonly approximately perpendicular to the tensile axls
and were Jagged on a fine scale (Figure 27a) except for the alloy
containing 1000 ppm molybdenum where the fracture had more of a
scalloped character. Secondary cracks (cracks other than those
assoclated with the primary fracture) were observed in all of the
alloys except the U-350 ppm 81 and U-350 ppm S1-1000 ppm Mo alloys.
Such cracks were most prevalent near the fracture face but also
appeared throughout the gage section from surface to center. 1In
cases where the fracture path was discernible, -the cracks most
commonly lay along grain boundaries (Figure 27b). In the U-Si-Al
alloy, a crack (apparently transgranular) was observed that was
almost perpendicular to the fracture and which was surrounded by
heavily twinned metal (Figure 28),
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The specimens of unalloyed dingot uranium showed two rather unique
features: a double fracture (Figure 29a) and transverse grain
boundary cracks emanating from the points of intersection of a
deformation band with the grain boundaries (Figure 29b).

Previous fractographic studies of uranium-base alloys had shown
that fracture was initiated at second-phase particles, predomin-
antly UC, and ?Hat the fracture path was determined by second-phase
distributions. (%, 5) In contrast, the present work showed that
carbon contents between 50 and 500 ppm had little effect on the
fracture strength. In addition, optical metallography did not
reveal any apparent assoclation of the fracture path with second-
phase precipitates., To further elucidate the role of second-phase
particies in the fracture processes, cellulose acetate-carbon
replicas of the fracture surfaces of several different ingot- and
dingot-base alloys, Table V, were prepared and examined with the
electron microscope.

The fracture path was predominantly transgranular and only limited
evidence of an assoclation of second-phase particles with fracture
was observed. Three types of transgranular fracture were apparent
in most samples: (1) fibrous fracture, characteristic of ductile
fracture processes, Figure 30a, (2) stairrSYep cleavage fracture
{(probably associated with the slip planes!?)) Figure 30b, and

E3) "river" patterns, characteristic of classical cleavage,

Flgure 30c. The amount of fibrous fracture increased with increasing
strain to fracture, regardless of the alloy type or composition.
The two extremes 1n fracture appearance were the alloy containing
800 ppm Si, which failed almost entirely by brittle processes, and
the 1000 ppm Mo alloy, which failed almost entirely by fibrous
fracture processes. Limited evidence of intergranular fracture was
found 1n several of the alloys; however, evidence of secondary
cracks along grain boundaries was quite common. The mode of
fracture changed from grain to grain within a sample 1llustrating

a relation between grain orlentation and fracture process.

Twinnling played a predominant role in room-temperature deformation
instead of carbides and other second-phase precipitates. Crack
initiation by twin intersection occurred frequently, as shown in
Figure 31, At elevated temperatures slip should play a more
important role in the deformation process and the role of carbides
and grain boundary sliding in crack nucleation at these temperatures
cannot be predicted from room-temperature tests. Therefore, direct
comparison of the room-temperature fracture characteristics and the
behavior of the alloys during irradiation at elevated temperatures
should not be made.
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TABLE I
CHEMICAL ANALYSES OF ALLOYS

Ingot Alloy Composition, ppm
Number Code C Fe S1 Al Mo (Fe+Si) Ratio Fe/Si
993 Dingot 28 57 11 32 - 68 5,20
882 Low 25 150 90 24 - 240 1.67
g27 alloy 32 150 110 24 - 260 1.36
2122 dingot 24 140 110 24 - 250 1.27
3260 UK 28 300 30 890 - 330 10
33382 Ingot 420 105 26 <6 - 131 4,04
33384 Low b28 137 88 <6 - 225 1.56
g2754 alloy K42 128 58 7 - 186 2.21
92794 ingot 540 97 39 <6 - 136 2.49
98341 599 151 89 9 - 240 1.70
98359 UK 484 333 76 949 - 409 4.38
98464 Xco 544 287 361 <6 - 648 0.8
98483 XD2 416 63 310 778 - 373 0,02
98470 Xg2 Wyt 75 325 <6 - 400 0.23
08479 XM2 411 289 222 274 N 511 1.30
8727 XwW2 468 g8 327 <6 1000 L 0.3
SAL XH2 500 53 718 86 - 71 0.07
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MECHANICAL PROPERTIES OF URANIUM ALLOYS

DPST-65-197

Ingot Alloy E, YS, U“I‘S, Gy, O'f‘,
Number Code mpsl kpsi kpsl RA, 4 kpsl kpsi n
Dingot Base
993  Unalloyed 29.9 38.9 91.1 8,9 16.1 100.0 0.230
882 Low alloy 11.3 4.5 98,5 4.1 28,3 102.8 0.151
2122 " 18,7 45.5 89.0 5.6 25,5 94,5 0.181
3260 UK 22.7 56.2 97.0 4.5 26.6 101.5 0.176
Ingot Base
33382  Unalloyed 17.3 41.6 90.2 9.0 22.4 100.0 0.18%4
92794  Low alloy 21.8 44,8 94,0 5,7 18,6 99.7 0.221
92754 n 27.5 49.0 106.0 8,1 21.1 115.0 0.212
33384 " 30.5 48.8 93.0 4.9 31.7 98.0 0.160
08341 n 18,7 u48.2 g97.0 6.2 24,7 103.5 0,225
98359 UK 20.7 54.6 99,2 7.3 32.5 107.0 0.211
o8usl  xe2 16.5 48.0 97.5 7.2 20.0 105.7 0.255
98479  xXM2 16,2 50.8 93.0 7.3 26.4 101.0 0.179
o8470  X@2 25.4 46,8 91,0 8.1 22,4 99.2 0.220
o8483  XD2 28.3 51.6 102.0 8,1 34.3 111.0 0.162
98727  XW2 26.5 42,0 110.0 11.2 18,0 126.5 0.282
SAY XH2 29.0 56.5 120.0 4.9 26.4% 126,0 0.252

kpsl

165
151
112
216

177
186

139
198

206
233
155

146

242
268
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TABLE ITT
EFFECT OF ALPHA ANNEAL ON MECHANICAL PROPERTIES

ST~65-197

Tngot E,  ¥S, UTS, oy, oOf, Kk,
Number mpsi kpsi kpsi RA, % kpsi kpsi n kpsi
993 B 29.9 39 9l 8.9 16 100 0,230 165
993 a* 14 30 g2 {(9.8) 12 ( 96) 0.279 168
882 B 11.3 46 98 h,1 28 103 0.151 151
927 a** 11,3 38 68 - 17 71 0.230 145
92794 B 21.8 u5 gl 5.7 19 100 0.221 177
92794 aq* 21.8 47 98 (7.9) 26 (102) 0.192 163
92754 B 27.5 49 106 8.1 21 115 0,212 186
92754  a* 27.9 46 95 (6.2) 17 ( 98) o0.214 175
33384 B 30.5 49 g3 4,9 32 98 0.160 139
33384 a* 38.6 36 a8 11.8 16 111 0,278 198
* 100 hours at 400°C.
** Anneal 48 hours at 600°C,
() Estimated values.
TABLE IV
MICROSTRUCTURAL CHANGES DURING DEFORMATION
UNALLOYED DINGOT URANIUM (993)
Total Reduction Volume Surface-Volume Ratilo, Sy,
Extenslon, iIn Area, Fraction mm? /mm3
% % Twins, fyv  Subgrain Only* All Boundaries
0 0 0.071 - 147
0.9 0.6 0.114 95,4 185
2.5 2.1 0.197 81.2 o5l
5.0 4.6 0.237 64.4 337
10.2 8.9 0.298 57.7 353
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TABLE V
MICROSCOPIC OBSERVATION OF FRACTURED SPECIMENS*

Dingot, Volume Reduction
Ingot Fractlon in Area, Secondary
Alloy Number Twins, fv % fv/RA  Cracks

Unalloyed dingot 993 0.30 8.9 0.024
Low alloy dingot 2122 0.27 5.0 0.048 Many
Dingot-Fe-81 3260 0.27 4.5 0.060 Several
Unalloyed dingot 33382 0.26 g.0 0.029 Several
Low alloy ingot 08341 0.28 6.2 0.045 Several
Ingot-350 Si 98470 0.23 8.1 0.028 None
Ingot-350 Si-

800 Al 98483 0.28 8.1 0.035 Several
Ingot-250 Fe-~

350 81 o846Y 0.22 7.2 0.031 Few
Ingot-350 Si-

1000 Mo q8727 0.31 11.2 0.028 None
Ingot-350 Fe-

800 Al 98359 0.23 T.3 0.032 Many

Ingot-250 Fe~
200 Si-250 Al 98479 0
SAL 0

0.036 Several
Ingot-800 Si-

0.057

N RO
© AN
=3
Wi

* The fracture surfaces of these specimens were also examined
with the electron microscope.
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True Plastic Strain
TRUE STRESS-TRUE STRAIN BEHAVIOR OF DINGOT 882

U-150 ppm Fe-90 ppm-Si-24 ppm Al

FIGURE 2.
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TRUE STRESS-TRUE STRAIN BEHAVIOR OF INGOT 98359

U-333 ppm Fe-76 ppm S1-949 ppm Al

FIGURE 10.
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True Plastic Strain
TRUE STRESS-TRUE STRAIN BEHAVIOR OF INGOT SA#

U-53 ppm Fe-718 ppm S1-86 ppm Al

FIGURE 1l1.
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True Plastic S

TRUE STRESS-TRUE STRAIN BEHAVIOR OF ALLOY 9846k

U-287 ppm Fe-361 ppm Si1-<6 ppm Al

FIGURE 12.
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True

TRUE STRESS-TRUE STRAIN BEHAVIOR OF ALLOY 98470

U-75 ppm Fe-325 ppm S1-<6 ppm Al
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U-289 ppm Fe-222 ppm S1-274 ppm Al

r )

FIGURE 15.

Rl s s Ssssmmms T ;i = T
S e : s H i
1 —-.- ._ “ “ ,: T
R i t ; Y T
i i T i 1 + :m i it
ik i f j i ;
o i S S
Bt B SEpT mm it
T s ¢
i ; _
: T =% !
] il m
H T
13
|
1
1 v
i ! i
ill ] ] b 1
i I i
_ |
SEes = = == X i = = iigs A Eees SSE=
i L SESEE ;
} t ot m
fHi T st i
=22 o H SEESSS = 3 =SSte== 5
wmmnmuu ﬁ”p it E
T — s u-_ fh
i L XETE 25 :
i T R 1
+ T T T
ni
I T
’ L 131
k! 7
L1} o
L\ g
P ﬁ%
1 r
! 1) MLID
| BT
_ i _
o |
TR Fafljl:4]| I
T = EE=== ot =S5 g
22 = = = =
t a5 14 T
: i : e ; i
2EES L AT H
z =
1
L ) T
] 0 t Tt 1
1 In T
1 1 i I
! 3
1 L] i
! T
I
11 1 i
1)
T I
» s Es S INE = i
ﬁ‘m Q | : = Lr o
il I AT -
0

goT ™~ O ® [l ) o ~ o~ © B ] o - )

AN\ " )
v \ ! S310A% EX S3TMIAD E
o~ . v '§ ‘A NI 3aYH : ¥ QIWHLIHYADT

»
D3 N3IBZLA3IA 3N39N3 aidvd HdWdBO NIDZLIIG EEV-NOFE ON




. DPST-65-197

- 28 -

it e EEEEC R e T = i .. -
SoiiEsmioHer E= = = i o
_ : AT o
¥ H L
e : === _ .
- v.v —— _7 Y T - T
= = 5 5 f e
ot = T =+
= _ : i EcEo=— W
.,,. — A
v ” 1 U
i :
R I
= i "
] 111
[H O
b
,
I | e
s o %ﬁ 53 = % UﬁU
3 = : T [}
i .
JW 1Hn_ﬂ.y - 4t + t °
11 0
Hi == i
. : T =
5 = A
X R
T
e o
1t © 110
i
1 4 1 o
i 311
] i S
_:“ m
It : C
= = ey ST e ==
..... =E et SR == %w = == of
SR z EHE 1L :mm“ N
. [
, e : ©
f Hili i HAHHH: o
= SEos==z St .ﬂm -3 T M FEsicezca:
= = i .
= "
7 T 1
i 4 4 xw.....
L
Bk R
i ] o
il [
g} _ [
) i
S S e AT R SR il
I HE R TH - [TRUs T T NI
. .oeeve»\a < a ] ~00 M O B @ o -0 R~ 0 0 W L] L -
4 o f v .F-V 537042 € X §37JAI E A(\V
Y » e v s o NI 3OV : . JWHLIdvaon
‘03 N3EZ.L3tQ INFAN3 H3dvd HdYMO NIDZL13id EL£1-HOPE ON !

98727

ppm Al-1000 ppm Mo

True Plastic Strain.

U UUL
TRUE STRESS-TRUE STRAIN BEHAVIOR OF ALLOY

U-98 ppm Fe-327 ppm Si-<6

FIGQURE 16,




‘

'
i
o
H

3
H
"
v
|
H
U BRIV

1
1
i
4
1
'
i

P S

X

i
.
N
'

s it e

a

irfrr e

DPST-65-197

S
i SO
TN A
IR CH S
R .HL."WJ:
LT ..Hn..u”....

Pomeo4s

'
1
1
1

|

.

[T

e

R

o

Pt

L J

v

+
H

N ! . oo,

[ - . N - -

P R - s ”w
- SRS DA |

f
SRR

ot

SURY LR

© e b i ptr )

LN S DU

4 v b s

3 i e g e e b el

I

o

. h.

FIGURE 17

t
!
'
¢
i

e
P R

it Ty LT j

s moe e e

0D NIDZIAIE INIDNA

¥3d 0T X OT
wN3IDZLIT O

o

. .
- . PR
- R
e p—— i
-
e L
k]
— - - -

T T




LY

1

e T

— —:—"‘,’. -u..r..:.r.,._l‘l..__

DPST-65-197

1

o B

[

Yo PR AT
SO NI LNYONE

By .
:
| .
! T .
D et
L LT §
: [ '
M V.
. LI .
Gl
e [
--
s N S omINGTE
Y E DETEINE SN I+ I wilie]

18d fssaaag

“
.o
'

o M
RTINS
RN
. it
A
i i
IR

¢

'

....u‘_..
B

B e e Sl

b,

e - | R E R A o S S
’ o e g i - B R _ P T . JU RO O
. R i . i M b . | . ' L ees
N M T TS N _“ m_ . 1 X N T L a
- AT el SRt T T - P PR RS S S R . W
il TS SN HORT P LIPS BN NIETE: NS LA M S
T T e TR e g
. R A A T T L . N SR IR R o it
U D i SULIN IR .i.ﬂ-,r..l“, AT 4 . e ! | a5 A
R i | R e A A : b St l& m
o M _ L BB
SR SO S e} :t-!.rurii-sdieff e - P
. ‘w S : ] . ﬂ% [}
IR e dete] BECRL LN b e £ m
’ : [ . e Q-u
JRPUUIR S P ST SR S .
T T ..n.m <
.I,( .m. “\”4‘ ’IAM. lll.rllll tn ir R
o TER:
R A H19 8 d
Ao . P 0
R e T Sl S 0
R = S s &)
S A 2 E
o B P
13 4 5
. o H
_ S @
u W
. m &=
. iy
M O
- W
. jo]
. s m
2
Q
[ &)

FIGURE% 18,

S BRI PSS S |

(oo i ANNEALED (23)

-SPECIMENS OF -UNALLOYED URANIUM -



N
‘o

- 31 - | DPST-65-197

a vao0

: SR
EEHHE = i = £ ; i
Y —H 1 =% H
T HH R T 3 ;]H Hi

Il
%E it
3t
i
i
i
i 1
1
1
Tl
i
e
? tH
i

1

1)

MADPE IN U. S, A.

EUGENE DIETZGEN CO.

LR e

L |

LA W W - AT R F N SRR

el bl ol kL

LOGARITHRIC
o Wpo -~

@

3 CYQLES X 3 CYCLES

NO, 340R-L33 DIETZGEN GRAPH PAPER

W, )., T W :

an LLilil -
= = Tr
+ H ﬁ, =2 ﬁg = H I H
i i £5 “Iﬂ
i I i
i BT L:%iru ol
Bl = il B
SR Bl H i :;ﬂ:‘ :‘ = T
i i Heiis
== H i HH
% o ::_:ﬁ i) HHHE
ity
LR
T i
4}",,
t
2L
T SEEEIsT! F?
5 FAtalzs = = =aial Eiiresiii Ezszisiiiint 5 :
i
i
I H
: e il SEa8 i i T
g2 «4;%%?_ i
i i
t+ JEH
u
1 it i
1
I
I Hiin il il
LI [ | Al
2 3 - -] a T8 % 2 a 4 -] a 78 2 3 - [-3 [} 7T B 9

DRI el i et

1 o1
0.001 : 0.01
. True plastic strain

FIGURE 19. TRUE STRESS-TRUE STRAIN BEHAVIOR OF UNALLOYED DINGOT
993, ALPHA ANNEALED. U-57 ppm Pe-1ll ppm 51-32 ppm Al

———— - - -~ P _— —

o~



DPST-65-197

. = -
L == .."....:1. ¥ : I3 HE °
s : e i o
e : it ! e .
£ : 1+
H T T 1 ﬂ‘u . i o
e : i (34601
5 s : 2 i
] 1 :
T ke L H i m H R
£ =k T e = = =t = S =5 =
= a5 = L £25 ESES
== = : =i
T 1 X —— <
i
,H 1T T T -
, ] 7 it .
; = T : i
: _ |
e 11 1 ” 1
+ 0 1
ST ALl
I

-
i = SR £ iz HEs %W%%W%ﬂo ©
i X : : m : o
i : r
% : © m
t = E: i p
,, + Hink AL HH L a
w mnnr .IH e 0 £: & uuum = ey
S e 8 2

.32

i v i
Hr 1 i o
ur = T T n- 1 T Dl
: " n

s SEIE i 3
i : i 2 i 0
- T ._,.“ﬂ.—- - 1 nln.a_

] M
i i o o
| i ! e
3
£
1 B

0

HESIHHIIN D

il

T
(1]
LI

i
1
Hilﬁ_
'
T bt

it
:
0

————

»
5 6 7 & 9

tEEETAEaE
1t
1}
!
Il
11
H
b
LT
c=usfifEviiteninl
!
THH
jus I
1]
it
1
!

1

i

T

1
II
1

[
ﬁ
i s A _
M.ﬂmAH:NH_\—‘_a i ] .r:_:ﬂ__.—_n_m_._r._”““ el B - .|_ fiit ! -

_ %
___m
| RiREMN] ﬁ
I
n

o oo~ O B ¥ ,. o 20 K © o .
T ® .
{ . P 537040 € X 5310A3 € . F\v ﬁ
. v s 1t NI 3QVYik OIWHLIEYEA0"T h

-0 N30ZL31a 3N3ION3 i H3d4vd Hdvsg NIDZLG EET-MOPE ‘ON

AH wmvm AT

ppm Fe-11l0 ppm S1-25% PPl AL

1A

R ™

' PRUE STRESS-TRUE STRAIN BEHAVIOR OF DINGOT 927(AB-1)
U-150 .

FIGURE 20..

.
— R ‘ - T e — Y SRR S



, . f i _ K )il -
\..f e~ o B ¥ . o moa».gs 4?3 o O o -
: . AC § S3710AT € X 537940 © m V
s o/ v S 'n N1 3OYH N DIWHLIBVEOT ‘
- . : . ‘02 N3921310 3N39N3 . ¥3dvd HMdvYHO N3SZL1310 EE1-NOPE ON . .
P e e s s P e R e b e T = P P A L e an = T S e e e e e ™ i T

TR = z == SRR T T e -
3 e Lhullu.sm:..m.vl = : : T mnam" -]
= e 1F refetls m o= e} : s [ ]
1 it Hitt
PRt e T ,, i "
b~ SRS el i T ] v
(@)Y tHE _“ 1 M“ ”.._,‘ m T ” M I T ;:rm m
— ST = = ==: = e S ﬂ = : T L
= EIiis k i
\ E TIE
@ i = T 52 Mm A
! e T ! :
Bt Him iRt : i HH 1 )
[ hE Ht
Ny i
D s
. HA o
[181
i
| e
j i
[T} HIHMILAL | -
S S=5E z
& e = o
i Sosanaa °
SEEERELIHE
it I H L} 4 r
1 M 1 o
&t et °
FH £ SEassooo—m=== £

2|t
2

23

it

1!

1Y

11

i
i
L e
i

H+

5 & 78 &1

A M B A 9

|||||

1

i

Il
HE
I

119
14
sty
-

.

TH Hl

=
1
2

11
=t

1=

Bigwid ki

0.01
True Plastic Strain

0.001

5

. TPRUE STRESS-TRUE STRAIN BEHAVIOR OF INGOT 9279k,

FIGURE 21.

6 ppm Al

<

U-97 ppm Fe-39 ppm Si-

. ALPHA ANNEALED.




sersiiy

5 6 7 8 &1

e

-
N
A * -
35 i H s
0 - E ?
& it : It .
& te
a i :

o
L

mEsgsan

gra
¢
s & 7 8 01

i
e
H
|

i

i
i1
THE

Strain

ic

- 34 -

2E50 Yigsil

Byl o

1

TR
=

1
True Plast

“

o
' #_ Y
SEsase====— s e = -
SiiEnees 5 T = 9
o Ty 1
£ : e : =,
fii
“%“ T M
) %) : .y [ ]
ity i SR | EE R i _ .
- - : : = = HEEE ESSS
H 5  } <
i L i
i fric
il "
”H Fhd
11
1L
i | o
1L
I I i
[Fitfti
i | | il
1 i I
ﬂ i HR i -
. BN A A L] )N 4y L
_ S S AT HRTARS i q .
4 " o oo 0~ n ¢ @ o ~a 0N~ o 0 ¥ " o -
S310A0 € X S310AD € !
v '5 "N NI 3a¥W N OIWRLINYAOT
02 N39Z.1310 IN3TN3 . H3dVd Hdvda NIQZL3ia ee1-d80vE "ON
» e A e S rre— =~ I‘l-

T TL

KTl

o R |




1T

HE

8 8 7 a1

DPST-65-197

vt 1 3 T
i t 4
- 1T m T -_
t o A h T fiket T —1
i i I i Hi
- :, 1 + 1 + tnt
I 3T 194 T t : i 3
I P N DL Hi i I 11 1 T 1
H H L b H M 0 yi T T 1l T
T LA bty T H1X ! L T
Asrscoe=gan ==t A Eirrt i =2 ¥ £ =
oY Shani
ikt ..F,mm.m =
N Herny I
k 0 : =
Hoe Tk i
AT : rit il —
: lﬁ 1t q
o S
_ 2 T
T

[T
i

01

EBTBb

- 35 -

'?,81 :
0

i

2

&35

==
)

137 ppm Fe-88 ppm S1-46 ppm Al

S

U-

True Plastic Strain

001

1
I{REARIIALS

|

I

%
mmE

[If

56780
TRUE STRESS-TRUE STRAIN BEHAVIOR OF INGOT 33384,

ALPHA ANNEALED.

111111

-
-

s

a

FIGURE 23.

| L | |

N DA A 00 o

IR B e ST V
_
_

140
e et
=

il

G

I
| !
n 4 ] o -0 9 M @ n < (4] L] o9~ 0 4] < "

ﬂv ’ C §310A2 € X S313AD €
¥ 'S M Nt 3QYW C 4 JInWHLIgYSO

Ay NTIAaTIIE INTAONT HI3AAYAd HAdYHNE HNHIOZLIIC £EN-MOyE OM




Umme-mm 197

i A

|
: . e :
. . . 1 . ' - i H Ill»o..i.li\.ol.ilnﬂ..l
" g o . . H . N “pe .
i - !
v
. H
y *
J '
¥
i

4

co.

-t

osusmn

]
] Pty ”.
a...i.vw.

L

. ‘

)
4.:_.

B
[x]

WADE IN L. 5 A,

P =
[EPAPNIS Suso

EUGEME DIETIGEN

rmuamw o%op@ﬁ.

FIVON NS L A e o

tress,

-7 X1

, L —

] 7

3 H
e .

N o RS

- o . i
A .
n e

INCH

7
o PrR,

20X I

H.-20

Fxd

NO, 340

|
!
~i
i

mwmmmmoem.om ammmzbw onowuzm ON INGOT cm»zHaq,

' aretenmni o

sl

i
|
|

m
0

C
g

e

y

.:..,th.

PR (oSS oy - b e

e

ket

bt 4 b -y

T U S




N - 37 - DPST-65-197

Ad0D TIAVTIVAY 1S3

Neg. 55454 Neg. 55457
a. Specimen strailned 0.9%. b. Specimen strained 2.5%.

Neg. 55460 Neg. 58572
- ¢. Specimen strained 5%. d. Specimen strained 10.5%.
Fractured.

FIGURE 25, VARIATION IN MICROSTRUCTURE OF UNALLOYED URANTUM WITH
ROOM-TEMPERATURE TENSILE DEFORMATION (150X)
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a. Unalloyed ingot uranium, ¥y
33382. Ragged fracture typical £
of most specimens. S%%
s

Neg. 62832 150X

b. Graln boundary crack ln same specimen,
1/2 inch from principal fracture.

FIGURE 27. FRACTURES IN INGOT URANIUM TENSILE SPECIMENS
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Ad0J 379Y1IvAY 139

150X

Neg. 62851

U-30C ppm S1-800 ppm Al alloy (XD2).
Secondary crack 1s surrounded by heavily

twinned metal,

FIGURE 28, SECONDARY CRACK PERPENDICULAR TO MAIN FRACTURE
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Neg. 58558 6X

a., Double fracture 1in dingot
uranium,

Neg. 58563 250X

b. Kink band (A) with grain boundary
cracks (B) at both ends. Tension
axls vertical,

DOUBLE FRACTURE AND DEFORMATION KINK, DINGOT URANIUM 993
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1859E 5800% 1855D 5800X% 1928B §200%
Dingot 2122 Dingot 3260 Ingot 98727
a. Fibrous fracture surfaces, characteristic of ductile fracture,
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18554 5800% 16721 11,100X
Dingot 3260 Ingot 98359
b. Stair-gstep cleavage, low ¢c. "River" patterns character-

ductllity fracture.

istlc of cleavage, low ductility

fracture. Note change in frac-
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ture characteristics at grain
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Neg. 1026B 5700X

a. Photomlcrograph showing %%%
fracture initlation point 1in %3
ingot 98359. '
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b. Enlargement of Figure a
showlng cracking due to twin-
twin intersection (A), twin-
second phase intersection (B),
and twin-grain boundary
intersection (C).

FIGURE 31, FRACTURE INITIATION IN URANIUM ALILOYS



