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[57] ABSTRACT 
A zirconium alloy comprising at least 95 percent zir 
conium, which has been thoroughly annealed, is 
greatly increased in strength without substantial loss in 
ductility by subjecting it to tensile creep deformation 
in a temperature range in which creep will occur, yet 
which is below the temperature for signi?cant recov 
cry. 

18 Claims, N0 Drawings 
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THERMO-MECHANICAL TREATMENT OF 
ZIRCONIUM ALLOYS 

BACKGROUND OF THE INVENTION 

Zirconium is important as a structural material in the 
nuclear industry because of its low absorption cross 
section for thermal neutrons. In order to improve its 
mechanical properties, it is usually alloyed with one or 
more metals selected from the group consisting of 
chromium, tin, niobium, iron, tantalum, nickel and alu 
minum, with the zirconium constituting at least 95 per 
cent by weight. 
The zircaloys are a particularly important group of 

zirconium alloys. They contain at least 97.5 percent by 
weight zirconium and small amounts of tin. Usually, 
iron is also present. The alloy which is most widely used 
at present is zircaloy-2. Zircaloy-2 is an important 
structural material in the nuclear ?eld because of its 
low absorption cross section for thermal neutrons and 
its good mechanical properties. It is of particular im 
portance as the cladding for nuclear fuel elements. For 
this purpose it is commonly used in the form of tubes 
which are ?lled with a nuclear fuel material, usually 
uranium oxide or a mixture of uranium and plutonium 
oxides. 
Upon irradiation in a nuclear reactor, there may be 

swelling of the nuclear fuel. It is very important to 
avoid bursting of the zircaloy tube since this would per 
mit the release of the highly radioactive ?ssion prod 
ucts into the cooling ?uid. It is therefore desirable that 
the zircaloy have both high ductility‘and high strength 
under the operating conditions. It is also desirable for 
the zircaloy to have good resistance to corrosion by the 
cooling ?uid, which ‘in pressurized water reactors is 
high temperature water and in boiling water reactors a 
mixture of high temperature steam and water. 
The prior practice was to produce tubing by combi 

nations of cold work and intermediate temperature an 
nealing. This gave a tubing which had high strength but 
relatively low ductility and relatively poor resistance to 
high temperature corrosion as compared to annealed 
material. One reason for desiring high ductility is the 
fact that neutron irradiation causes hardening of the 
metal. While this increases the strength, it also pro 
duces embrittlement. If the material has initially high 
ductility, it will tend to be less brittle after irradiation. 

In the prior art, it was necessary to choose between 
good ductility and corrosion resistance on the one hand 
and high strength on the other hand. The object of this 
invention is to obtain a combination of high strength, 
high ductility and good corrosion resistance. 
Zircaloy-Z has the following composition in weight 

percent: 

Sn 1.20 — 1.70 
Fe 0.07 — 0.20 

Cr 0.05 — O.l5 
Ni 0.03 — 0.08 
Fe+Cr+Ni 0.18-0.38 
N max. 0.10 
N average 0.008 
0 average 0.17 
Zr Balance 

It has an 0: (alpha) -> a + ,8 (beta) transformation 
point of about 940°C and an a +3 —> B transformation 
point of about 1,000°C. 
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Next to zircaloy-2 the most important zircaloy is zir 

caloy-4 which differs from zircaloy-2 is being substan 
tially free of nickel. A typical composition in weight 
percent is: 

Sn 1.50 
Fe 0.21 
Cr 0.10 
Ni < 0.0023 
Zr Balance 

Zircaloys -l and -3 have the following typical composi 
tions in weight percent: 

Constituent Zircaloy-l Zircaloy-3 

Sn 2.50 0.20 — 0.30 
Fe 0.20 — 0.30 
Cr (< 500 ppm) 
Ni (< 500 ppm) 
Zr Balance Balance 

SUMMARY OF THE INVENTION 

I have devised a thermomechanical treatment (TMT) 
of the zirconium alloys mentioned above which gives a 
product having high strength, high ductility and good 
corrosion resistance to high pressure steam at 
400°—500°C. It involves thorough annealing followed 
by tensile creep deformation of 3 to 10 percent in a 
temperature range in which creep will occur, yet which 
is below the temperature of significant recovery, i.e., 
the temperature at which signi?cant‘annealing out of 
the dislocations produced by the deformations would 
occur. For the zircaloys, the temperature range is 200° 
to 350°C. It can be applied as are-treatment to com 
mercially supplied tubing with only very slight changes 
in diameter and wall thickness. By the term “tensile 
creep deformation’l'l mean a tensile deformation in 
which at least the ?nal portion is carried out under a 
substantiallyconstant load and at a comparatively low 
strain rate which may be, e.g., 6 X 10‘4 inch/inch/mi 
nute. ‘ ‘ 

From electron microscope studies, it appears that the 
strengthening is related to the mutual interaction of a 
uniform, complex dislocation array produced by the 
treatment and possibly by the interaction of disloca 
tions with ?ne precipitates. 
The mechanism for the retention of high ductility 

with strengthening is uncertain. It may be related to the 
nature of the dislocation array. 
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DETAILED DESCRIPTION 

The detailed description will be directed to the treat 
ment of zircaloy. The starting material, which may have 
received prior working and heat treatment of varying 
types and may exhibit dislocation structure, is heated 
to a temperature in the upper part of the alpha range, 
preferably 650°—850°C, and is held at that temperature 
until a thoroughly annealed condition is produced. For 
example, holding at a temperature of 750°C for 1 hour 
is satisfactory. 

It is then subjected to a tensile creep deformation of 
3 to 10 percent. The deformation process involves ten 
sile loading, at a temperature of 200°-350°C, to the de 
sired strain at a strain rate of about 0.001 to 0.01 inc 
h/inch/minute followed by holding the material at the 
?nal load and under the above temperature for a period 



3,884,728 
3 

of at least 15 minutes. During the hold period a small 
amount of additional creep takes place and the disloca 
tion array attains its ?nal form. In the upper portions 
of the deformation range, the strain should be applied 

4 
Except as indicated below, all anneal, deformation 

and aging procedures were carried out in air. During 
the deformation step, the specimens were heated in a 
4-inch long quartz heater to give a uniform 2-inch long 

in increments with intermediate cooling, e.g., several 5 heated zone. Tensile loads were applied on an Instron 
successive elongations of 3 percent, each followed by tensile machine through friction grips attached to the 
a hold period as de?ned above. However, the presently cold ends of the tubes projecting from the furnace. 
preferred embodiment involves a single elongation of Specimens were deformed at a crosshead speed of 0.05 
about 5 percent at a temperature of about 225°C. inch/minute to a desired strain level, then they were 
Between the annealing and deformation steps the 10 maintained at that load for a prescribed length of time 

material is ordinarily allowed to cool in air to room during which a small amount of creep occurred. 
temperature, but it may be cooled by circulating gas, as Thermomechanical treatment, consisting of tensile 
Will be described later in more detail creep deformation at intermediate temperatures, was 

?rst a lied to the as-received tubing. In some cases 
EXAMPLE I 15 this WES followed by intermediate temperature aging. 

A series of tests was run on zircal0y-2 tubing as re- Tensile tests were carried out at 300°C. Results are 
ceived from a vendor. It had a specified inner diameter Shown in Table I_ 
of 0.472 i 0.002 inch and a wall thickness of 0.035 i As will be Seen flom Table I, treatment under those 
00026 ineh- According to the Vendor, it had been conditions produced no advantageous changes. Only 
formed by a series of cold working steps with interme- 20 when 5 percent deformation was applied at 300°C 
diate anneals, ending with a ?nal stress relief treatment (specimens L and O) was the strength as high as that 
Of 4 hours at 910°F (488°C)- Speci?cations for this of the as-received material. Moreover, specimen L 
type of tubing can for a ?nal Stress relief at showed reduced ductility and specimen 0 showed ther 
7800-1900013 (4180-5350(3- Speeimens Were thinned mal instability. In no case was there any improvement 
by electro-polishing and transmission electron micro- 25 in ductility - 
graphs Were made- The mierostruetllfe consisted of Next, specimens were annealed at temperatures of 
both large, clear grains, typical of material that has 650°—l,0l0°C, withdrawn from the furnace, allowed to 
been Partially recrystallized, as Well as of grains hav' cool in air, then subjected to tensile creep deformation 
ing typical deformation structure, the latter con- 30 M200o to 300°C (alpha TMT)or 1,010°C (beta TMT). 
stituting about 75 percent of the microstructure. There 
were some precipitates, which were not identi?ed, 
within the recrystallized grains. 
The tubing was cut into 6—7 inch lengths for the vari 

ous treatments and tests. 

In the beta TMT, the tubes were enclosed in a metal 
chamber loaded through an O-ring seal with the inte 
rior under a continuous vacuum of 10 microns. 

Results are shown in Table II. Tensile properties were 
again measured at 300°C. 

TABLE I 

TENSILE PROPERTIES AT 300°C FOR TMT OF AS>RECEIVED TUBING 
Tensile Properties" 

Speci- Deformation Parameters Aging Parameters Total 
men Temperature Hold Time Temperature Time 0.2% YS UTS Elongation 
No. "C Elongation Minutes °C Hour lbs lbs ‘7: 

A As-received Control 3250 3870 24.7 
B As-received Control 3250 3960 26.0 
C As--received Control 3255 3760 24.7 
D 480 5.0 4.5 Broke during deformation 
E 480 3.0 10 Broke during deformation 
F 480 0.66 15 1900 2560 25.3 
G 480 1.0 15 2100 2750 24.7 
H 480 1.67 15 450 1 1650 2200 26.0 
J 300 3.0 15 2500 3770 22.7 
K 300 1.0 15 2450 3600 23.7 
I. 300 5.0 15 3550 3720 19.0 
M 300 3.0 15 300 l 2750 3760 23.3 
0 300 5.0 15 300 1 3250 3680 23.3 
P 300 3.0 15 450 1 2350 2950 21.0 
0 300 5.0 15 450 1 2380 2880 22.5 

"Yield and ultimate strength were measured on1_\ as load tlhs) during screening tests (Tables 1 and 11) since tubing dimensions were fairly 
uniform. 

TABLE II 

TENSILE PROPERTIES AT 300°C FOR TMT OF ANNEALED TUBING 

Tensile Properties” 
Speci- Anncal Parameters Deformation Parameters Total 
men Temperature Time Temperature ' Hold Time 0.29’! YS UTS Elongation 
No. ‘’ I Hour °C Elongation Minutes lbs lbs "/2 

Alpha TMT 
A "" As-recei\'ed Control 3250 3870 24.7 

I 650 I 300 5 15 1600 2190 42.9 
2 650 l 200 5 15 1960 2170 38.3 
3 750 1 300 5 15 1875 2150 35.5 
4 750 1 200 5 15 1930 2160 35.1 
5 825 .5 300 5 15 1825 2210 31.8 
6 825 .5 200 5 15 1870 2130 32.7 
7 1010 300 5 15 1-180 2150 22.1 
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TABLE [1 —Continued 

TENSILE PROPERTIES AT 300°C FOR TMT OF ANNEALED TUBING 

Tensile Properties" 
Speci- Anne-.1] Parameters Deformation Parameters Tom] 
men Temperature Time Temperature Ci Hold Time 0.271 YS UTS Elongation 
No. "C Hour °C Elongation Minutes lbs lbs 9? 

8 I010 .I67 300 5 l5 - 1700, 2I70 21.2 
9 I0l0 .167 200 5 15 I750 2240 23.3 
10 750 I I050 2I30 37.7 
I l 750 I 200 3/3 15"’ I725 2200 36.] 
I2 750 I 200 5/5 15 2 l 20 2200 "I 1.0 
13 750 ' l 200 5 60 I8l0 2080 35.7 
14 750 I 200 3/3/3 15 I925 2l64 34.7 
I5 300 L25 3280 3825 26.5 
lo 750 I 200 5/5/5 I5 2225 2230 24.3 
17 750 l 200 3/3/3/3 I5 2080 2120 29.5 
18 As-rcceived 200 3/3/3 I5 2680 3820 22.9 

Beta TMT 
32 IOI0 .167 I000 I/3 I260 2I30 8.0 

"For reference onl_\; data from Table I. Specimen .-\. 
"Sec non.~ (all. 'l'aihlc I. 

"Hold Time is 15 minutes for each tlel'ornmtion in the two sequential dcliirmulions 0113") each. Sample was cooled in air to room temperature 
between deformations. 

Several things are apparent from this table. First, an 
nealing in the beta range (10lO°C) gave decidedly infe 
rior results, whether followed by alpha TMT (speci 
mens 7, 8 and 9) or beta TMT (specimen 32). Second, 
annealing in the upper alpha range without subsequent 
TMT (specimen No. 10) gave a marked increase in 
ductility, as indicated by the total elongation, but a 
great decrease in yield and ultimate strengths. The de 
crease in yield strength is particularly marked and par 
ticularly important. Third, annealing in the intermedi 
ate alpha range (Specimen No. 15) had virtually no ef 
fect on properties. 
Fourth, deformation of upper alpha annealed sam 

ples at 200°—300°C up to a total of about 10 percent 
greatly increased the yield strength as compared to the 
annealed material without reduction in ductility. Fifth, 
excessive deformation (samples 16 and 17) caused re 
duction in ductility as compared to the optimum range. 
Electron microscope photographs were made of the 

alpha annealed material before and after the TMT. Be 
fore the TMT, it exhibited the microstructure of well 
annealed material. There were precipitates within the 
grains similar to those mentioned above. While these 
could serve as dislocation sources, no dislocation struc 
ture was evident in the annealed material. After the 
TMT, a moderate but quite uniform dislocation array 
was shown. A rather complex network had formed, in 
dicating considerable dislocation activity. There were 
numerous small loops, probably formed from some 
type of dipole formation. There was also a hint at high 
(100,000 X) magni?cation of dislocation interaction 
with very fine precipitates. 
Specimens in the TMT condition (corresponding to 

Specimen 14, Table II) and in the as-received condition 
were aged 1000 hours at 300°C to determine their rela 
tive thermal stabilities. No effect of this exposure was 
observed on tensile properties at room temperature or 
343°C for metal in either condition, indicating that, at 
least for this thermal exposure, the TMT-produced mi 
crostructures is as stable as the as-received. 
Corrosion properties of TMT tubing were compared 

with as-received and annealed specimens. The corro 
sion tests were conducted in an autoclave at 400°C and 
500°C at a steam pressure of 1500 psig (pounds per 
square inch gauge). The 400°C test exposures were for 
three days and fourteen days to investigate the re 
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sponse of the TMT materials to standard ASTM corro 
sion tests. The 500°C tests are conducted to character 
ize possible in?uences of the TMT treatments on the 
high temperature failure characteristics of the zircaloy 
tubing. 
The corrosion resistance of the TMT tubing was 

found to be essentially the same as that'of the as 
received tubing, which met specifications for use as 
cladding for oxide-type nuclear fuel. It differed but lit 
tle from undeformed annealed material. 

EXAMPLE II 

A 115 inch length of zircaloy-2 tubing of the type de~ 
scribed in Example I, which had been heated at 750°C 
for 1 hour and allowed to cool in air was held vertically 
in articulating grips in an insulated steel pipe suspended 
from a ceiling crane. It was heated by steam at 200°C 
and 250 psig generated in an autoclave and sent 
through the top of the pipe to condense inside and out 
side the tube with condensate returning to the auto 
clave. The tube was loaded by lead bricks on a pan se 
cured by grips to the lower end of the tube. Tempera 
tures, load versus time (strain rate) and elongation 
were monitored using the test. 

In more detail, lead bricks were placed in the pan in 
sufficient quantity to give a total maximum load on the 
tube of 2,000 pounds. The pan initially rested on the 
?oor. The tube was pulled by its upper end with a force 
regulated so as to give a total elongation of about 0.1 
inch/minute (e.g., a strain rate of 0.001 inch/inch/mi 
nute). In about 50 minutes the tube had elongated 
about 5 inches and the load had reached its maximum 
of 2,000 pounds, the pan being lifted from the floor. 
The assembly was then allowed to hang for 15 minutes, 
during which the tube increased in length by about an 
other inch. 
The results were as follows: 
a. Temperature control 

- Center: 393° i 5°F (201° 2*: 3°C) 
- Vertical gradient between center 103 inches 
- Tube 1: :t 10°F prior to and during loading 
- Tube 2: t 5°F prior to and during loading 

b. Deformation - Two tubes processed 
- Two (2) successful TMT’s 

C. Post-TMT dimensional evaluation 
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- Tube 1 - rough measurements showed center 87 

inches with OD uniformity to i 0.001 inch. 
Tube 2 - Measurements (every 3 inches along 

tube) showed center 99 inches with OD uniform 
ity of: 0.0008 inch and with 1D uniformity ofi 
0.0007 inch. 

d. Post-TMT Tensile Properties (Tube 2) 
- Room temperature properties (average of 6 tests 
from specimens evenly spaced along uniform 
tube region of Tube 2) 

60.6 i 5.0 78.8 :0.6 36.9 i 16.0 

* kilopounds per square inch. 

“The symbols YS, UTS and TE stand for yield strength. ultimate tensile strength 
and tensile elongation, respectively. 7 

For comparison, the specifications for this cold 
worked and stress relieved tubing as supplied by the 
vendor called for the following minimum value: 

0.2 YS (ksi) UTS (ksi) TE (‘70) 

60 70 14 

It will be seen that the ductility of the treated tubing 
greatly exceeded the speci?cation requirements, while 
the yield strength and ultimate strength equaled or ex 
ceeded those requirements. 
The American Society for Testing Materials Specifi 

cation B353-7l, “Wrought Zirconium and Zirconium 
Alloy Seamless and Welded Tubes for Nuclear Ser 
vice”, speci?es the following requirements for fully an‘ 
nealed tubing, of a composition corresponding to zir 
caloy-2, at room temperature. 

0.2‘7: YS (ksi) UTS (ksi) TE (‘75) 

35_ 6O 20 

The treated tubing greatly exceeded the requirements 
for fully annealed tubing in ductility as well as in 
strength. 

‘ EXAMPLE lll 

Tubing of the same type as that described in the pre 
vious example, but from a different batch supplied by 
the vendor, was treated in the manner described in Ex 
ample ll, except that the center temperature during the 
deformation was maintained at 225°C. Tensile tests 
were run on both as-received and on thermomechani 

cally treated (TMT) tubing. Results are shown in Table 
111. 
While the speci?c examples are directed to zircaloy 

2, the process is also applicable to other similar alloys, 
e.g., zircaloys -1, -3 and -4. It is also applicable to other 
zirconium alloys comprising at least 95 percent zirco 
nium and one or more constituents 

TABLE 111 

Test 0.2% YS UTS TE 
Condition Temperature ksi ksi ‘70 

As Received RT* 84.4 113.2 20.0 
TMT (avg. of 7 RT* 65.7 80.1 27.2 

Tests) 
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8 
TABLE III-Continued 

Test 0.2% YS UTS TE 
Condition Temperature ksi ksi % 

As Received 343°C 57.8 64.8 14.3 
TMT (avgv of 2 343°C 31.0 35.3 28.6 

Tests) ' 

TMT (avg. of" ' 
2 Tests) 382°C 28.0 32.8 27.8 

TMT (avg. of" 
2 Tests 382°C 30.8 38.5 40.3 

(No as-received 
test at 382°C) 

‘Room Temperature 
"' 1' Tubes from same vcndor‘s lot but processed separately in TMT. 

selected from the group consisting of chromium, tin, 
miobium, iron, tantalum, nickel and aluminum. It is 
particularly advantageous in those situationsin which 
the heat treatment produces precipitates with which 
the TMT-produced dislocation structure interacts. 
Such a heat treatment is usually applied after the defor 
mation process to allow the precipitates to nucleate 
and grow upon the dislocation; however, precipitation 
may occur during the deformation process. 

I claim: _ 

1. A method of treating a metal comprising at least 
95 percent zirconium and also‘ comprising at least one 
constituent selected from the class consisting of chro 
mium, tin, niobium, iron, tantalum, nickel and alumi 
num, which metal is in a thoroughly annealed condi 
tion, said method comprising subjecting said metal to 
a tensile creep strain of 3 to 10 percent while holding 
it in a temperature range in which creep will occur, yet 
which is below the temperature for signi?cant recov 
ery, said tensile‘creep strain beingl attained by tensile 
loading said metal at a strain rate of about 0.001 to 
0.01 inch/inch/minute until said strain is attained, fol 
lowed by holding said metal at the ?nal load for at least 
15 minutes. 

2. A method as defined in claim 1 wherein said metal 
comprises at least 97.5 percent zirconium and also 
comprises tin and said temperature range is 200° to 
350°C. 

3. A method as defined in claim 2 wherein said metal 
is zircaloy-2. ‘ 

4. A method as de?ned in claim 1 wherein said ten 
sile creep strain in applied in increments of 3 to 5 per 
cent. 

5. A method as de?ned in claim 4 wherein the metal 
is allowed to cool to substantially room temperature 
between successive incremental strains. 

6. A method as defined in claim 1 wherein said treat 
ment consists in applying a single tensile creep strain of 
3 to 5 percent and then allowing the metal to cool to 
room temperature. 

7. A method as defined in claim 3, wherein said 
method consists in applying a single tensile creep elon 
gation‘of substantially 5 percent at a temperature of 
substantially 225°C and then allowing the metal to cool 
to room temperature. 

8. A method as defined in claim 2, wherein said 
method consists in applying a tensile loading at a tem 
perature of substantially 225°C. until a strain of sub 
stantially 5 percent is attained. 
9._A method of treating tubing formed of a metal 

comprising at least 95 percent zirconium and also com 
prising at least one constituent selected from the class 
consisting of chromium, tin, niobium, iron, tantalum, 
nickel and aluminum, said tubing being formed by a se 
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ries of cold working steps followed by a ?nal stress re 
lief, said method comprising the steps of (a) heating 
said tubing at a ?rst temperature in the upper part of 
the alpha range of zirconium until the metal is in a thor 
oughly annealed condition, and (b) subjecting said tub 
ing while in said annealed condition to a tensile creep 
strain of 3 to 10 percent while holding it at a second 
temperature in a range in which creep will occur yet 
which is below the temperature for signi?cant recov 
ery, said tensile creep strain being attained by tensile 
loading said metal at a strain rate of about 0.001 to 
0.01 inch/inch/minute' until said strain is attained, fol 
lowed by holding said metal at the ?nal load for at least 
?fteen minutes. 

10. A method as defined in claim 9 wherein said 
metal comprises at least 97.5 percent zirconium and 
also comprises tin, said ?rst temperature is in the range 
650° to 850°C. and said second temperature in the 
range 200° to 350°C. 

11. A method as defined in claim 10 wherein said 
metal is zircaloy-Z. 

12. A method as defined in claim 9 wherein said 
strain is a unidirectional tensile creep elongation. 
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10 
13. A method as defined in claim 12 wherein said 

tensile creep strain is applied in increments of 3 to 5 
percent. 

14. A method as de?ned in claim 13 wherein the tub 
ing is allowed to cool to room temperature between 
successive incremental strains. 

15. A method as de?ned in claim 12 wherein the ten 
sile creep strain consists of a single tensile creep elon 
gation of 3 to 5 percent. 

16. A method as defined in claim 11 wherein the ten 
sile creep strain consists of a single tensile elongation 
of substantially 5 percent and is carried out at a tem 
perature of substantially 225°C. ' 

17. A method as de?ned in claim 11 wherein said 
tubing is zircaloy-Z tubing that has been formed by a 
series of cold-working steps with a final stress relief in 
the range of 418°C to 538°C. 

18. A method as de?ned in claim 17 wherein the ten 
sile creep strain is carried out by applying a tensile, 
elongation at a temperature of substantially 225°C. 
until a strain of substantially 5 percent ‘is attained‘. 

=l< * * * * 


