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The objective of this study was to develop higher strength U-0.75 wt.% Ti by thermomechanical procedures. The
approach was to replace the conventional solution treated, quenched, and aged (STA) process for U-0.75 wt." Ti with
warm rolling and warm or cold swaging. The effect of working on structure. hardness. tensile properties. compressive
strength, and fracture toughness was determined. Deformation strengthening of previously hot-extruded and slow-cooled
U-0.75 wt.% Ti was found to significantly increase the hardness, the tensile and compressive yield strengths, the ultimate
tensile strength, and the reduction in area. There was no appreciable change in fracture toughness. The combinations of
strength, ductility, and toughness obtained by deformation strengthening of this as-extruded material were generally inferior
to those characteristic of STA processing. U-0.75 wt.Zz Ti. which was solution treated. water quenched. and warm rolled to
a large reduction and then cold swaged, achieved the highest values in hardness, tensile and compressive yield strength, and
ultimate tensile strength. Fracture toughness values were comparable to the conventionally processed alloy and reduction in
area values were significantly greater. Deformation strengthening of solution treated and quenched material resulted in
substantially better combinations of strength, ductility. and toughness than those characteristic of STA processing.

1. Introduction

The work reported herein describes a program de-
signed to determine the influence of metallurgical and
thermomechanical process variables on the mechanical
behavior of the U-0.75 wt.% Ti alloy in the following
conditions: as hot-extruded; hot-extruded and warm
worked; and solution treated, water quenched and
warm worked. Specific objectives of this investigation
were to develop thermomechanical trcatments to im-
part high strength and ductility.

In prior work {1} U-0.75 wt.% Ti bars werc cx-
truded from 88.9 to 20.3 mm in diameter as a function
of extrusion temperature between 537 and 871°C in
56°C increments and fully characterized. It was found
that the finest grain size and the oveiall best as-ex-
truded mechanic il properties were prodiced at 732°C,
Follow-on extrusion work [2] between 662 and 746°C in
14°C increments confirmed that 732°C was indeed the
overall optimum extrusion tempcrature. Tensile ductil-
ity was lower than in the prior study [1], probubly due
to hydrogen pickup during the molten salt heat treat.
ment which was required for best temperature control,
Further, the (0.29%) yicld strength obtained did not

Elsevier Science Fuhlish;.-rs a.v.

meet the minimum requirement; namcly, 724 MPa. By
comparison. conventional treatment requires solution
treating at 850°C and aging at 355°C to achiceve the
desired strength level and elongation.

In order to retain. or further refine. the small grain
sizc achievable by the 732°C cxtrusion, and to increcasc
the yield strength and ciongation, a follow-on rod
rolling operation was employed. Justification for this
approach is based upon a study [3] which showed that
isotropic mechanical propertics arc retained by unal-
loyed uranium which was rolled unidirectionally and
that warm deformation, up to 807 reduction. pro-
duced an increasce in both fracture stress and tensile
ductitity of unalloyed uranium.

Eckelmeyer [4.5] found that cold working the water
quenched martensitic phase in U-0.75 wt.% Ti pro-
duces a significantly higher clongation and reduction in
arca when compared with identical yicld strength ma-
terinls produced by aging trcatments, Since the as-
quenched U-=0.75 wt.C¢ Ti martensitic phase provided
the highest ductility available for this alloy, Eckelmeyver
rolled as water quenched 15.2 mm thick plate up to
40 reduction. Rolling was carricd out at tempera-
tures up to IR0°C. A determination was made of the
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cttects of deformation and aging on hardness. Identical
rates of hardening due to deformation were obsenved
at all temperatures up to 300°C. When deformation
was carricd out at higher temperatures combined de-
tormation and age hardening cffects occur. thus shift-
ing curves to higher hardness. Post-deformation aging
also results in additional hardening. The hardening:
cttects of deformation and aging were found to be
additive.

Significant residual stresses are introduced by the
initial water quenching. However, small amounts of
post quenching room temperature deformation are
currently used to decrease the magnitudes of these
residual stresses. Small amounts of detformation make
the radial residual stress gradieat smaller and reduces
macrosurface differences. At higher strains, localized
deformation was found to occur at approximately 20
reduction regardless of deformation temperature and
its extent increased with increasing reduction at all
temperatures [4]. This is potentially undesirable be-
cause small regions of highly deformed material could
act as initiation sites for stress corrosion cracks.

2. Procedure
2. 1. Materials and processing

¢ Ti material had the chemical analysis:
37 ppm C, 30 ppm Fe. 10 ppm Al 10

U-0.75 wt.¢
0.72 wt.%¢ Ti.

Table 1
Comparison of mechanical properties

Vetallurgteal charactenization of U028 wy.¢, {1

ppm Cu. 55 ppm Si. 10 ppm Ni. ~ 10 ppm Nb. remain-
der uranium consistent with a good quality heat. This

material was in the form of 20.3 mm in diameter bar
which was obtained by double extruding a 305 mm
diameter ingot at 871°C to billets 86.4 mm in diameter
and subscquently extruding at 732°C to size. The heat-
up for the 732°C extrusion was accomplished in cither
of two ways: brought to temperature in molten salt;
glass coated and heated in air to reduce hydrogen
pickup. The molten salt heat treated billets were heated
to 850°C in vacuum in the gamma phase region to
remove hydrogen to less than 0.10 ppm prior to
quenching and warm rolling or cold swaging opera-
tions: Table 1 lists processing summarics (conditions

1A through 6A) in column 2 and total overall reduction

of as-extruded and warm worked bars with differing processing histories.

by warm working tfrom 20.3 mm diameter for condi-
tions 2A through 3A is listed in column 3.

Morc specifically, conditions 1A, 2A. and 6A were
extruded from 86.4 mm diameter billets to 20.3, 20.3
and 4.5 mm diameter bar. respectively, from a molten
salt bath. For condition 2A, the as-extruded 2003 mm
in diamcter bar was further solution treated at 850°C
in vacuum for 2 h. water quenched and warm rolled
63.1% at 3W°C. and then cold swaged 19.53% w0 110
mm in diameter for a total reduction of 70.4% of the
original cross-sectional arca.

Conditions 3A. 4A. and 5SA were extruded using
86.4 mm diameter glass-coated billets to 20.3 mm. For
condition 3A. the as-cxtruded bars were warm rolled
75.7% to 10.0 mm in diameter. For condition JA. the

As received:

extruded 732°C - conditions [A through 5SA to 203 mm diameter: condition 6A to [4.5 mm diameter. Processing notes: ST -
solution treated 830°C: WQ - water quenched: WR - warm rod rolled 300°C: CS - cold swaged - 1.27 mm: DWS - double warm

swaged JX°C

Cond. Proc, Tensile (0.27%) Compressive K, Hardness
RDN Total YS  UTS Elon. RA Mod. ’" 21°C —1°C_ HRC
(7)Y  RDN (MPa) (MPa) (¢} (%) of Elast (MPJ) (MPa ym) (MPaym) Trans. Longit.
(CA N (GPa)
1A Asreceived 0 0 S04 1028 8.3 9.3 (67 613 41 34 203 R4
2A ST } 70.4 1398 2058 9.8 374 154 1076 av 40 4.6 46.5
WQ+WR+ 631
-CS 19.5 4
JA WR 78.7 787 889 1625 59 171 144 845 R} 1 Q2 400
4A WR + 489 674 QU5 1498 60 149 154 827 48 37 Iy g
DWS 214+
187
A WR + 589 66.8 12589 1967 4.6 138 18] Su8 42 A 87 428
wSs 18.6
6A  Asreceived 0 ] 887 1142 79 u.2 148 6y? 40 KM M4 na

* Each vitlue - average of minimum,of two test specimens.



1A Extruded tc 203 mm diameter bar 2A  Solution treated at 850°C for two hours in
Equiaxed @ phase vacuum, waler quenched, warm rolied at
300°C and coid swaged 70.4% 1o 111
mm in diameter. ' phase martensite

»1“00 Hm
JA Warm rolled 75.7% at 300°C to & diame- 4A Warm rolled and double warm swaged
ter of 10.0 mm. Fine structure a 67.4% at 300°C to a diameter of 11.6

phase. mm. Fine structure a phase.

[

100 [Viagd
5A Warm rolled and single warm swaged 6A Extruded to 145 mm diameter bar

66.5% at 300°C to a diameter of 118 Equiaxed (: phase
mm. Fine structure a phase.

Fig. 1. Section transverse to extrusion direction at the center of the bar. Extrusion temperature 732°C. Unetched polanzed heht
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1A Extruded to 20.3 mm diameter bar. 2A  Sotution treated at 850 C fot two hours sn
Equiaxed « phase. vacuum. water quenched warm toHed at
300°C and cold swaged 70 4% to 111
mm in diameter Elongated <z’ phase
martensite

3A Warm rolled 75.7% at 300°C to a diame- 4A Warm rolled and double warm swaged
ter of 10.0 mm. Elongated fine struc- 67 4% at 300°C to a diameter of 11 6
ture @ phase. mm Elongated fine structure < phase

b: .l 'l
, f\x o ¥
, R &if- j
0 »
,

100 pm 100 um
SA Warm rolied and single warm swaged 6A Extruded to 145 mm diameter bar
66 5% at 300 C to a diameter of 118 Equisxed «r phase.

mm  Elonqgated fine structure « phase.

Fig. 2. Section parallel to extrusion direction at the center of the bar. Extrusion temperature 732 € Unetched polarized hyht
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as-cxtruded bars were warm rolled and double warm
swaged 67.4% to a diameter of 11.6 mm. For condition
5A, the as-extruded bars were warm rolled and single

(b) Transverse view.

Fig. 3. Solution treated 8S°C for two hours, water quenched,
wirm rolled at INPC and cold swaged 70,47 to L1 mm in
diameter, o phase murtensite. Gtched bright field.

warm swaged 66.577 to 11.8 mm diamcter bar. All
warm rolling and warm swaging was conducted at
300°C.

2.2, Sampling - specimen preparation

Slow-bend V-notch Charpy impact specimens (type
A) [6] were utilized for fracture toughness measure-
ments. Type A Charpy impact specimens were ma-
chined from larger diameter bars > 12.7 mm in diame-
ter. The dimensions were 10.0 mm x 100 mm X 55.0

. mm. For the smaller diameter warm worked bar < 12.7

mm in diameter, the machined dimensions were 7.50)
mm X 7.50 mm X 55.0 mm. Both types of specimens
were used for static fracture toughness measurements.
The notches were always located on surfaces lying
ncarer the outer diameter of the bar. Prior study [7.8]
disclosed a similarity between the K, and K, values
obtaincd, thus, it was decided to use only the simplest
and I¢ast costly specimen. the V-notch bend Charpy
impact spccimen. and report K, values for the materi-
als.

The tensile specimens from the larger diameter bars
> 12.7 mm were 73.0 mm long with gauge diameter of
6.40 mm and gauge length of 25.4 mm; for the smaller
diamcter warm worked bar < 12.7 mm. the 57.2 mm
long specimens had gauge diameter of 4.06 mm and a
gauge length of 16.3 mm. The compression specimens
had an L/D = 2.

2.3. Fracture toughness test method

The procedure [9] for making K, mcasurements
involved three-point bend testing of notched Charpy
specimens that had been precracked in fatigue. Load
versus displacement data was recorded autographically.
The maximum load in cach test was recorded and the
nominal crack strength was determined from this value
using the original dimensions of the specimen with jhe
single beam bending equation, The Rockwell € hard-
ness of cach specimen was measured by taking the
average of four equally spaced readings on the back of
ciach specimen,

J. Results and dlscussion
3.1 Microstructure
The unctched microstructures tor the extruded and

wurm worked hars are shown under polarized light for
the six conditions TA through 6A in fips. 1 and 2 for
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Table 2
Mffchunicul properties of U-0.75 wt.®# Ti bars - identically solution treated at 850°C 2 h: vertically water quenched at 0.46 m per
minute: aged 16 h at 355°C in gas recirculating furnace

No. 0.2% YS UTS Mod. of E Elon. RA Hardness (HRC)
(MPa) (MPa) (GPa) (cF) (7)) " "
. L T
0t 806 1380 149 17 3 42.1 39,7
79 817 1380 162 20 - 28 41.1 38.7

* L - longitudinal section.
P T - transverse section.

the transverse and longitudinal sections, respectively.
Conditions 1A and 6A extruded at 732°C to 20.3 mm
and 14.5 mm diamcter showed an equiaxed o phase
grain structure with an ASTM grain size of six and
cight, respectively. Condition 6A had a significantly
smaller grain size than condition 1A. Conditions 3A.
4A, and 3A extruded at 732°C and subscquently warm
worked had an a phase structurc with indistinct grain
boundarics. The longitudinal section ¢xhibited marked-
ly elongated grains,

Condition 2A, which was solution trcated at 850°C,
water quenched, warm rolled and cold swaged. shows
for the transverse view under polarized light an o’
phase martensitic structure. The corresponding longi-
tudinal view shows a highly clongated martensitic
structure. The ctched structure of condition 2A in fig.
3 under bright ficld examination discloses a duplex

grain structure with arcas of coarsc and finc prior-

gamma grains for thc transversc view. The predomi-

nant arca of fine prior-gamma grains has an ASTM
grain size of 5. The longitudinal view showed highly
clongated prior-gamma grains with indistinct grain
boundarics.

3.2. Tensile tests

A summary of tensile test results is shown in table
1. It was found that the ultimate tensile strength and
(0.272) yicld strength for condition 2A, extruded at
732°C, solution treated. quenched. and warm rolled
and cold swaged were outstanding and significantly
exceeded those for the other five conditions. Condi-
tions 3A. 4A. and 5A which were extruded at 732°C,
warm rolled or warm swaged were lower. Conditions

132 =

110 =

88 =

66 [

Kq(MPavm)

44 =

v
22 - 3A

L. ] |

2A

g0

483 821 758 898

+ 1034 1172 1310 1448 1588

Yield Stréngth (0.2%) MPa

Fig. 4. Fructure toughness of burs extruded at 732°C and wirm worked ot 300°C superimposed on a ratio analysis diggram tor
U-n0.78 wt.'7 Ti.
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tA and 6A which were extruded at 732°C and not
subsequently warm rolled or swaged had the lowest
values. Since condition 2A also had a significant elon-
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fracture toughness values which were comparable (o
currently produced water quenched and aged U-0.73
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Fig. 6. Elongation values for bars extruded at 732°C and warm worked at 300°C superimposed on ratio analvsis diagram tor U073
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wt.“¢ Ti alloys, a detailed mechanical properties evalu-
ation was carried out and is presented in the latter part
of this paper. For comparison purposes, mechanical
properties were also determined on bars from the same
heat that had been identically commercially heat
treated: i.c.. solution treatments were given with aging.
These properties are shown in table 2.

3.3 Fracture toughness versus vield strength (0.26¢)

Fig. 4 plots room temperature fracture toughness
versus vield strength (0.27) superimposed on a ratio
analysis diagram [8] containing a technological limit
line which represents the highest values of fracture
resistance previously measured for U-0.75 wt.% Ti
as-extruded and STA alloys. As-extruded at 732°C con-
ditions 1A and 6A had similar K, Charpy fracturc
toughness valucs of 41 and 40 MPa vm, respectively,
which were well below the technological limit. Condi-
tion 6A had the higher yield strength of 597 MPa, and
smaller grain size. Condition 3A. cxtruded at 732°C
and warm rolled 75.7% at 300°C had a K, valuc of 30
MPa vm also below the technological limit. Conditions
4A and 5A extruded at 732°C. warm rolled and warm
swaged at 300°C, had fracture toughness K values of
48 and 42 MPa y/ﬁ . respectively. The latter value
excecded the technological limit at the yield strength
of 1259 MPa. If warm rolling was followed by warm
swaging, an appreciable reduction in fracturc tough-
ness did not occur with an incrcase in yield strength.
Condition 2A, extruded at 732°C. solution trcated at
850°C water quenched, warm rolled at 300°, and cold
swaged 70.4¢¢ had room temperature fracture tough-
ness Ky valuc of 69 MPa vm at high yicld strength of
1598 MPa. markedly excceding the technological limit.

3.4, Reduction in area and elongartion versus vield strengeh
(0.2¢¢)

Fig. 5 shows a plot of room temperature reduction
in area versus yield strength (0.27¢). The clongations
plotted in fig. 6 arc superimposced on a ratio analysis
diagram containing a technological limit linc which
represents the highest values of percent clongation
previously measurcd, Conditions 1A and 6A extruded
at 732°C had reductions in arca slightly below 109 and
clongations of about 857 at yicld strengths below 724
MPa. Conditions 3A. 4A, and SA as extruded at 732°C
and, respectively, warm rolled 75.77 and warm rolled
and warm swaged 67,477 and 66,57 had a decrcase in
percent reduction in arca from 17,1 w0 118, and in

clongation from 6 to 4.6 with increasing yield strengths
over the range 889 to 1259 MPa. Condition 2A cox-
truded at 732°C solution treated at 850°C. water
quenched, warm rolled and cold swaged 70.4% had an
outstanding percent reduction in arca of 37.4 and an
clongation of 9.8 which exceeded the technological
limit linc in fig. 6. The percent reductions in area for
the warm rolled and swaged Conditions 2A through SA
greatly exceeded the clongations indicating signifi-
cantly more necking occurs for these conditions when
compared to as-cxtruded Conditions 1A and 6A.

3.5, Fracture toughness versus hardness

Table 1 shows room temperature fracture toughness
K, values and HRC for the as-extruded 732°C condi-
tions 1A and 6A and warm worked conditions 2A
through SA. In comparison to Condition 1A the higher
hardness, smaller grain size condition 6A with smaller
diameter bar did not cxhibit a decrcase in fracture
toughness. Conditions 4A and 5A which were cx-
truded. warm rolled and warm swaged also did not
exhibit a decrease in fracture toughness at a significant
increcasc of Rockwell C hardness to 40. Condition 3A,
which was processed similarly to conditions 4A and 5A.
did not undergo a final warm swaging proccdure and
the fracture toughness fell slightly below the required
K¢ value 33 MPa vm at —36°C to prevent fracture at
low temperature. Solution treated. water quenched.
and warm rolled condition 2A had the highest fracture
toughness value at the HRC of 46.5. An increase in
HRC values for the warm rolled and swaged conditions
2A through 5A did not cause a decrease in K, values,

3.6. Fracture toughness versus emperature

Table | shows fracture toughness K, values at
=46°C and +21°C. In condition 2A the solution
treated. water quenched and warm rolled condition
casily exceeded the required K, value of 33 MPa vm
at =46°C. Conditions 4A and 5A which were extruded
warm rofled and warm swaged also met this require-
ment. Condition 3A extruded and warm rolled had a
value ssignificantly below the specification limit at
- 46°C. Condition 6A cxtruded to 14.5 mm in diameter
had a value slightly below the requirement,

3.7, Compressive vield strength (0.27¢)

Fig. 7 plots compressive yield strength (0.2 ) versus
tensile yield strength (0.299) for alloys with different
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Fig. 7. Compressive yield strength versus tensile yield strength
(yield strengths at 0.27¢ offset).

processing histories. In all cases where the matcrial
was not warm or cold worked, the compressive yicld
strength (0.2%) exceeds the tensile yield strength
(0.29%) by 100 to 276 MPa. Thesc materials all have
compressive yield strengths which are slightly higher
than corresponding tensile yicld strengths. This occurs

18 - Condition 2A
(4]
2 164+
b
3 14r NOTE: 4 HRC VALUES WERE
Q OBTAINED AT EVENLY SPACED
© 12} INTERVALS ON BACK OF EACH
S CHARPY SPECIMEN. N TOTAL

10 = 176 FOR 44 SPECIMENS.
‘2 .
o 8¢
2
o
R
|7
i 44
z

2k

0 ]

L _.l 1 1
44 45 X46R_ 47 48
HRC

Fig. & Histogram - N versus HRC for 20.3 mm diameter

U-0.75 wt.% Ti bars, solution treated at 850°C for two hours,

water guenched, warm rolled at 300°C, and cold swaped
40

in crystallographically textured uranium and its alloys
which deform by combinations of slip and twinning.
The preferred orientation favors slip deformation when
the alloy is compressed and twinning deformation when
the alloy is stressed in tension. Since diffcrent stresses
arc required for slip and twinning, this results in the
tensile-compressive yicld strength anisotropy. The data
for these alloys appear generally above the 45° line of
fig. 7.

For conditions 3A, 4A, and 5A, which arc extruded
and warm worked, the reverse is truc: i.c.. the tensile
yicld strengths (0.29%7) exceeds the compressive yield
strengths (0.29%) and arc plotted below the 45° line.
For condition 2A which was solution trcated. water
quenched, warm rolled and cold swaged the tensile
yield strength (0.262) greatly exceeds the compressive
vield strength (0.22¢). Those alloys for which the ten-
sile yield strength (0.27) significantly excceds the com-
pressive yield strength (0.292) have been found by
X-ray analysis to have appreciable preferred orienta-
tion. These latter alloys exhibit 4  pronounced
Bauschinger effect which greatly cxceeds the textural
contribution. Elcagation of the alloy in tension beyond

2551 p= o

413 |- Uitimate Tensiie Stress

2275 = Condition 2A
2137 -
2000 p=

1862 p=

1724 p=

Stress, MPo

1588 -

Yol p=

1310 f= ° o =f30%

Ductilty

Reduction i Areo
172 b=

% Elongation ,
1034 = -t 10%

s [T R W T |
-129 -107 -B4 -82 -40 -18 4 27 (3] "
Temperature, 'C

Fig. Y. Variation of tensile properties with temperatures tn

2030 mm diameter U-0.78 w7 Ti bars, solution treated

K80 for two hours, water guenched, wiem rolled at 300 ¢
and cold swaged 70475
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Table 3

Variation of tensile properties with temperature for 20.3 mm diameter U-0.75 wt."7 Ti bars - solution treated at 850°C for 2 k.

water quenched and warm rolled 70.4% at 3X°C, condition 2A

Temperature 0277 YS UTS Elon, RA Mod. of E HRC
Q) (MPa) (MPa) (27r) (0%) (GPa)
+54 1507 1861 8.1 29.9 174 36.4
+38 . 1549 1896 9.7 345 169 5.7
+21 1598 2058 9.8 374 154 457
+4 1760 2093 8.4 337 160 48.2
-4 1661 - 210 1.5 26.6 152 153
-2 1702 2148 7.8 319 160 457
-2 1696 2117 6.9 254 161 359
-29 1877 2241 7.3 28.3 138 6.2
- 46 1784 nd? nd? nd * 156 nd *
-73 2002 2348 1.5 18.2 159 16.8
- 101 1737 2568 3.0 93 172 45.5
-129 nd?® 1129 1.2 1.1 159 nd "

* Note: nd = no data.

its yicld strength and strain hardening by warm or cold
working correspondingly decrcases its axial compres-
sive yicld strength while increasing its tensile yield
strength. The tensile and compressive yicld strength
values for conditions 2A, 3A, 4A, and 5A indicate that
the degree of anisotropy incrcases with rising tensile
yicld strength level.

3.8. HRC - condition 24

A histogram, as shown in fig. 8, was obtained by
plotting frequency of occurrence versus HRC in inter-
vals of (.5 units. Values were determined on backs of
Kqo Charpy specimens. The small range in HRC dis-
closed in the histogram indicates the bars arc quite
uniform in hardness with location with the major part
of values falling between 45 to 46.5 HRC. The average
HRC value obtained above was 46. The average HRC
obtained for a transverse disc specimen was 44.6, dis-
closing a slight anisotropy in propertics.

3.9. Tensile properties versus temperature - condition 24

Fig. 9 and table 3 illustrate the effect of test tem-
peraturc on mechanical properties determined over
the temperature range —101°C to +54°C. With a
decrease in temperature, the ultimate tensile strength
increased from 1861 to 2568 MPa and the (0.277) yicld
strength increased from 1507 to 2002 MPa. Corre-
* spondingly, the percent elongation decreased from 9.7

to 3.0 and the reduction in arca decreased from 34.8 o
-9.3%. For the same test temperatures the ultimate

tensile strength the (0.297) yield strength and reduction
in arca exceed the values for the conventionally proc-
essed vertically water quenched and aged bars by 50 to
100%. Comparison with room temperature tensile data
can be made for conventionally processcd bars in table
)

3.10. Fracture toughness values versus temperature -
condition 24 :

Fig. 10 and table 4 compares over the temperature
range —73 to +38°C the fracture toughness data for

Table 4
Comparison of fracture toughness Charpy K, and hardness
values lor bars 2A and B

Temperature  2A° B" HRC
) (MPaym) (MPaym) 35 B
+38 7 74 457 w4
+2 v 65 457 W5
+4 60 6l 027
-12 49 52 8.7 07
-21 44 50 00 396
-29 46 6 NI J L
- 46 6 0 - g
-7 kT 35 8 W

* JA: solution treated at 850°C for 2 h, water guenched, warm
rolled at XH°C, and cold swaged.

"B solution treated at RPC for 2 h and 880°C 1 2 b
vertically water quenched at 0,46 m per minute, aped th h
at A50°C in fead bath.
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O2A
o8

66 P o

55 P

Kg(MPa/m)

44 = o

[=]

~76 ~53  -43 =26 -9 7 24 4

Temperature, *C

Fig. 10. Comparison of the variation of fracture toughness

with temperature for (2A) 20.3 mm diameter U-0.75 wt.7 Ti

bars, solution treated at 850°C for two hours, water quenched,

‘warm rolled at 300°C, and cold swaged 70.4% and (B) bars

solution treated at 800°C for two hours, and 850°C 1 /2 hour

vertically water quenched at 01.46 m per minute. aged 16 h at
350°C.

the extruded at 732°C solution treated, water quenched,
warm rolled cold swaged bar (see condition 2A) with
conventionally processed vertically water quenched and
aged bars (B). The fracture toughness valucs were
found to be similar although HRC values were higher
for condition 2A.

4. Summary

The warm rolling and warm swaging of line grained
as-extruded U-0.75 wt.% Ti at large reductions was

found to significantly incrcase the hardness, reduction
in arca, the tensile and compressive yield strength, and
the ultimate tensile strength. A small reduction oc-
curred in the percent clongation. There was no appre-
ciable change in fracturc toughness valucs.

U-0.75 wt.% Ti which was solution trcated. water
quenched, warm rolled to large reduction, and cold
swaged achieved the highest values in hardness, ten-
sile, and comp:essive yicld strength. When compared
to the conventionally processed solution treated, water
quenched and aged U-0.75 wt.¢ Ti. the fracture

. toughness valucs were similar, the reduction in arca

values were significantly greater and the percent clon-
gation was rceduced.

This latter processing procedure is recommended
over the conventional standard process whenever very
high strength U-0.75 wt.% Ti alloys with significant
ductility arc rcquired.
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