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SPECIFICATION 

Zirconium alloys having an integral /?-
quenched corrosion-resistant surface region 

5 
This invention relates to the integral /?-
quenched surface regions formed in situ on 
bulk structures of zirconium alloys by laser 
beam scanning. 

10 Zirconium alloys are now widely accepted 
as cladding and structural materials in water-
cooled, moderated boiling water and pressur-
ized water nuclear reactors. These alloys com-
bine a low neutron absorption cross section 

15 with a good corrosion resistance and adequate 
mechanical properties. 

The most common zirconium alloys used up 
to now are Zircaloy-2 and Zircaloy-4. The 
nominal compositions of these alloys are 

2 0 given in Table 1. 

Table I 

Zircaloy-2 
25 Element Weight 

Sn 1 .2 -1 .7 
Fe 0 . 0 7 - 0 . 2 0 
Cr 0 . 0 5 - 0 . 1 5 
Ni 0 . 0 3 - 0 . 0 8 
Zr Balance 

Zircaloy-4 
Element Weight % 

Sn 1 .2 -1 .7 
Fe 0 . 1 8 - 0 . 2 4 
Cr 0 . 0 7 - 0 . 1 3 
Zr Balance 

In addition to Zircaloy-2 and Zircaloy-4, 
considerable amount of experimental work 
and some nuclear work has been done on 

45 Z r — 1 5 % N b — 0 — 1 % X alloys where X is . 
usually a transition metal. 

In general, these materials have proved 
adequate under nuclear reactor operating con-
ditions. The fuel-element design engineer 

^ 50 would like a cladding material that is more 
resistant to high temperature aqueous corro-
sion while maintaining an adequate mechani-
cal strength. 

During manufacture of zircaloy channels, a 
55 seam in the channels is welded together. It 

has been observed that this seam weld is 
substantially more resistant to accelerated no-
dular corrosion than the rest of the unwelded 
channel. In addition, other work in the litera-

60 ture has shown that an accelerated nodular 
corrosion in a high temperature, high pressure 
steam environment can be inhibited by /?-
phase heat treatments which are similar to the 
effect derived when the welded seams cool 

65 down through the yS-phase region immediately 

after welding. 
The exact reason for the enchanced resis-

tance of /?-quench Zircaloy to accelerated mo-
dular corrosion in a high temperature, high 

70 pressure steam environment is not understood 
completely. It appears, however, that this en-
hanced corrosion resistance is related to the 
fine grain, equiaxed structure and to the fine 
dispersion of iron, nickel and chromium inter-

75 metallics in /3-quench Zircaloy. The effect of /?-
quenching on the metallurgical structure of 
Zircaloy stems from the fact that /S is the high 
temperature phase of Zircaloy that is not sta-
ble below 810°C and the fact that iron, nickel 

8 0 and chromium are ^-stabilizers that partition 
preferentially to the /? phase. 

Referring now to Fig. 1, if a Zircaloy sample 
is held in the a + f3 phase region that ranges 
between 810°C to 970°C, the Zircaloy trans-

85 forms to a two phase mixture of a and j3 
grains. Iron, nickel and chrome being ^-stabil-
izers will segregate to the (3 phase grains. On 
cooling the Zircaloy from this two phase re-
gion back through the a + ft—>a phase bound-

90 ary into the a region, the /? phase decom-
poses precipitating fine grains of a-zirconium 
and rejecting the iron, nickel and chrome 
intermetallics on the adjacent grain bounda-
ries of the newly formed a grains. The result-

95 ing metallurgical structure of the Zircaloy is 
thus a fine grained a structure with a fine 
dispersion of iron, nickel and chromium inter-
metallics distributed therein. A similar 
metallurgical structure can be achieved by 

100 quenching directly from the /?-phase region 
above 970°C. This heat treatment results in a 
very fine grain a "basket weave" structure 
with a fine distribution of iron, nickel and 
chromium intermetallics dispersed therein. 

105 This latter heat treatment parallels the thermal 
history of a weld on cooling and results in a 
metallurgical structure with enhanced resis-
tance to accelerated nodular corrosion in high 
pressure, high temperature steam. Not only 

110 do the Zircaloys but also Zr -1 5% Nb exhibits 
the corrosion resistance in the yS-quenched 
condition. Such a /?-quench or a + yS-quench 
is not always feasible for bulk Zircaloy pieces 
because of forming operations, mechanical 

115 property requirements, and the generation of 
large thermal stress or large thermal distor-
tions in a bulk Zircaloy body may prevent 
such a quenching operation. In such cases, 
other ways must be found to prevent the 

120 accelerated nodular corrosion of Zircaloy that 
occurs in steam at high pressures and temper-
atures. 

Enhanced corrosion of Zircaloy-2 and Zirca-
loy-4 has been observed under boiling water 

125 nuclear reactor conditions and appears to initi-
ate at localized spots and spreads across the 
Zircaloy surface by lateral growth such that in 
the initial stages of growth these thick light-
colored oxide nodules appear like islands on a 

130 thin homogeneous dark oxide background. 
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This accelerated corrosion process that occurs 
in high-temperature, high-pressure steam can 
be inhibited metallurgically by quenching Zir-
caloy from its high temperature body centered 

5 cubic ft form. /J-quenched Zircaloy tends to 
form a thin coherent protective oxide in a high 
temperature (50CTC) and a high pressure 
(100 atm) steam environment, that is substan-
tially more resistant to in reactor corrosion 

10 than Zircaloy that has not been inhibited by a 
/?-phase heat treatment. 

Unfortunately, a /3-phase heat treatment re-
duces the mechanical strength of Zircaloy and 
markedly increases the strain rate at which 

15 strain rate sensitivities indicative of superplas-
ticity are observed. This high strain rate sensi-
tivity and lower strength is caused by grain 
boundary sliding on a greatly increased grain . 
boundary area due to a finer grain size in /?-

2 0 quenched Zircaloy. Because of these mechani-
cal deficiencies, bulk jS-quenched Zircaloy is 
therefore not particularly desirable for cladd-
ing and structural materials for water-cooled 
nuclear reactors. 

25 Despite the potential detrimental effect of /?-
quenching on the mechanical properties of 
Zircaloy, bulk /6-quenching of Zircaloy chan-
nels for nuclear reactors has been commercial-
ized because of the superior corrosion resis-

30 tance of /2-quenched Zircaloy. This commercial 
process consists of passing a Zircaloy channel 
through an induction heater to heat the chan-
nel into the two phase a + ft region. The 
channel is subsequently rapidly quenched by 

35 spraying water on the hot channel. Although 
this induction-heating-water-spray process im-
parts the desired corrosion resistant properties 
to the Zircaloy channel, it suffers from several 
deficiencies. 

4 0 First, the exposure of the Zircaloy channel 
to oxygen and water during the induction 
heating and water quenching allows a thick 
black oxide to form on the channel that subse-
quently must be removed. This removal step 

45 adds to the manufacturing cost of the chan-
nel. 

Secondly, although it is not necessary to 
heat treat the surface layers of the channel, 
the current commercial process exposes the 

50 entire channel bulk to the heat treatment 
required only by the surface layers. The result-
ing change in mechanical properties of the 
channel under long term creep conditions may 
not be desirable. 

55 It is therefore desirable to have a new type 
of ^-quenched Zircaloy that can be used in 
circumstances where bulk ^-quenched Zirca-
loy can not be used because of its deficient 
mechanical properties, because of the forma-

60 tion of black scale on its surface and/or 
because of thermal distortions and thermal 
stresses such bulk quenching would generate. 

In accordance with the teachings of this 
invention, there is provided a body having a 

65 core of zirconium alloy such as Zircaloy-2. An 

integral outer surface region of jS-quenched 
zirconium alloy encompasses the core to im-
part corrosion resistance to the zirconium alloy 
article in a high pressure and high tempera-

7 0 ture steam environment where enhanced no-
dular corrosion of the zirconium alloy article 
would otherwise occur. 

The microstructure of the material of the 
body has the metallurgical structure resulting 

75 from the normal forming and heat treating 
operations required to make this article with a 
given structure and mechanical strength. The 
integral outer surface region of the article has 
a /2-quenched structure consisting of a very 

80 fine grained "basket weave" structure of hex-
agonol close-packed grains with a fine distri-
bution of iron, nickel, chromium, and/or 
other transition metal intermetallics dispersed 
therein. 

85 The physical structure of the integral outer 
surface region of ^-quenched zirconium alloy 
consists of a series of mutually overlapping 
integral scallop shaped regions. The thickness 
of the /J-quenched outer region may be up to 

90 10 millimeters. 
Figure 1 is the equilibrium phase diagram 

of zirconium and tin. Tin is the major alloy 
addition to zriconium that produces zircaloy. 
In the tin range of interest from 1.2 to 1.7 

95 wt%Sn, zircaloy has three phases in the tem-
perature range indicated; namely, the hexago-
nal close-packed a phase, the body-centered 
cubic ft phase, and the liquid I phase. 

Figure 2 is a schematic illustration of laser 
100 processing of a zircaloy slab. 

Figure 3 is a schematic illustration of a 
laser-processed zirconium-alloy slab showing 
the surface heated and ^-quenched region 
with the contiguous unheated a region below. 

105 We have discovered that by scanning a 
laser beam over the surface of a body of 
Zircaloy, a thin layer contiguous to the surface 
is first heated to a temperature where the yS 
phase is formed and then rapidly self-

110 quenched, forming a barrier of /?-quenched 
Zircaloy at the surface. 

Referring now to Fig. 2, there is shown a 
slab-like body 10 of Zircaloy undergoing laser 
/^-quenching. A laser beam 40 impinges on 

115 the surface 12 of the Zircaloy body 10 form-
ing a region 22 that is heated into the temper-
ature range where /3 grains of Zircaloy nu-
cleate and grow. The laser beam scans across 
the surface 12 of body 10 with a velocity V. 

120 Immediately, behing the moving heated re-
gion 22 of body 10, the Zircaloy self-
quenches forming a path 20 of /J-quenched 
Zircaloy across the surface 12 of the zircon-
ium alloy body 10. 

125 Although an electron beam or a flame may 
be employed in practicing this invention, the 
preferred method is the utilization of a laser 
beam. Presently, it is the most economical i f 
the methods suggested and furthermore, it 

130 does not require the use of a vacuum cham-
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ber. 
The overlapping passes across the work-

piece necessary to achieve the end result can 
be accomplished in several ways. The work-
piece, the beam or both can be moved in an 
X -Y direction to provide the necessary relative 
translation. Additionally, an optical system 
may be employed to scan the workpiece and 
process the surface region as required. 

The power of the laser beam 40 is sufficient 
at the given laser beam scan rate V to form a 
region 22 of predeterminal depth that is 
heated into the temperature range where 
grains form. The rapidly jS-quenched material 
20 in the surface of layer 12 of body 10 
resists accelerated nodular corrosion in a high 
pressure, high temperature steam environ-
ment. 

In order for the heated surface region 22 to 
form /? grains, sufficient time must elapse at 
high temperatures for ft grain nucleation and 
growth to take place. If 8 is the radius of the 
heated zone 22 beneath the laser beam 40 
moving at a velocity V, then the time t that 
the surface layer is heated is 

25 
T = — (1) 

30 

35 

40 

The time require for the nucleation of /? 
grains, rN, and the time t g required for the 
growth of these /? grains to a size L at a grain 
growth velocity VG is 

= t n + T g 

= Tn + L/VG 

(2) 

From equation (1) and (2) and the condition 
that T>rtota|, the maximum laser scan velocity 
Vmax with which /?-quenching wil l still occur is 

form because of too slow of a cooling rate. 
The physical cause of the maximum laser 
velocity limit was the time required in the 
heated zone for /? grain nucleation and 

70 growth. On the other hand, the physical cause 
of the minimum laser velocity limit is the 
minimum quench rate required to form the /3-
quenched metallurgical structure of Zircaloy 
that is resistant to accelerated nodular corro-

75 sion in a high pressure and high temperature 
steam environment. 

The quench rate 

ST 
80 — 

at 

85 

of Zircaloy in the surface zone 20 behind the 
moving laser beam 40 is given by 

ST 
•= VVT 

at 
(4) 

90 where VT is the temperature gradient in the 
Zircaloy. If the laser beam is moving in the X 
direction, by dimensional analysis, the time-
averaged temperature gradient VT at a point 
in the specimen with temperature T is, 

95 
V 

VT = — T 
Dt 

(5) 

100 where V is the laser velocity, T is the tempera-
ture and D t is the thermal diffusion constant 
of Zircaloy. The combination of equations (4) 
and (5) can be solved for the minimum critical 
laser scan velocity Vmin that will give the 

105 minimum required quench rate 

3 T min 

45 V • * ma* — 

50 

55 

60 

65 

2Ve 8 at 

(Vgtn + L) 
(3) 

3 cm/sec, Taking values of VG = 2 X 10" 
8 = 2cm, L = 10 _ 4 cm and t n = 1 0 " ' sec 
gives the maximum laser scan velocity capa-

.ble of /3-quenching the surface layer of Zirca-
loy of 26cm/sec for the 2cm size of the 
heated zone 22. L, VG and t n are intrinsic 
properties of the zircaloy material and cannot 
be varied. However, the size 8 of the heated 
zone 22 can be varied at will by varying the 
width W of the laser beam 40. By varying the 
width W of the laser beam 40, the maximum 
scan rate Vmax of the laser can also be varied. 

As shown above, a maximum critical laser 
velocity exists above which there will not be 
time for j3 grains to form in the heated zone 
22. In addition there is a minimum critical 
laser velocity Vmin below which the desired 
metallurgical structure of Zircaloy will not 

110 

115 
V =-w mm— 

"2DT — a T | 

• Tb at I min , 

1/2 

120 

where TB is the temperature at the a to a + /? 
phase boundary in Zircaloy. Substituting the 
values of TB = 810°C, DT = 0.6 cm2 /sec and 

-dV 

at 
= 15°C/sec, 

min 

125 the minimum laser scan velocity Vm,„ for fi-
quenching Zircaloy is 1.4 X 10~1cm/sec. 
This value compares with a maximum permis-
sible laser scan velocity of 26 cm/sec re-
quired to form the ft grains beneath the laser 

130 beam. Thus, there is only a two order-of-
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magnitude range in laser scanning rates which 
are compatible with surface ^-quenching Zir-
caloy by laser surface heating in order to 
make the Zircaloy resistant to accelerated no-

5 dular corrosion in a high pressure and high 
temperature steam environment. 

Referring now to Fig. 3, a body of Zircaloy 
10 with top and bottom surfaces 12 and 16, 
respectively, and side faces 28 is shown after 

10 laser surface /?-quenching. Zone 20 of Zircaloy 
body 10 is a "basket weave" fine grained a-
Zircaloy containing a very fine dispersion of 
intermetallics of iron, nickel and chromium 
resulting from surface ^-quenching. The thick-

15 ness or depth of zone 20 may be up to 10 
millimeters. The bulk of body 10 is left in its 
original metallurgical condition with its larger 
a-grains and less finely distributed intermetal-
lic metal dispersion. The metallurgical struc-

2 0 ture of the bulk of body 10 has been chosen 
by those skilled in the art to provide the best 
mechanical and structural properties for its 
ultimate use in a reactor. The ^-quenched 
surface region 20, on the other hand, has 

25 been formed principally to resist accelerated 
nodular corrosion in a high pressure and high 
temperature steam environment. The compos-
ite structure consisting of the /?-quenched sur-
face region 20 and the Zircaloy bulk presents 

30 a metallurgical structure with excellent me-
chanical, structural and corrosion-resistant 
properties. 

CLAIMS 
35 1. An article of manufacture comprising 

a body of zirconium alloy having a compos-
ite microstructure including: 

a core wherein the microstructure is se-
lected to maximize the physical structure and 

4 0 mechanical properties of the article, and 
an integral outer surface region of /?-

quenched zirconium alloy encompassing the 
core to impart enhanced corrosion resistance 
to the zirconium alloy article in a high temper-

45 ature and high pressure steam environment. 
2. The article of claim 1 wherein: 
the structure of the integral outer surface 

region of the /?-quenched zirconium alloy con-
sists of mutually over-lapping scallop shaped 

50 regions. 
3. The article of either claim 1 or 2 

wherein: 
the metallurgical microstructure of the inte-

gral outer surface region is a fine-grain, bas-
55 ket-weave a grain structure with a uniform 

distribution of fine transition metal intermetal-
lics dispersed therein. 

4. The article of claim 3 wherein: 
the transition metal is at least one metal 

60 consisting of iron, nickel, chromium, vana-
dium or tantalum. 

5. The article of claim 4 wherein: 
the zirconium alloy is Zircaloy-2 whose com-

position by element and weight percent is as 
65 follows: 

Sn 1 . 2 - 1 . 7 
Fe 0 . 0 7 - 0 . 2 0 
Cr 0 . 0 5 - 0 . 1 5 
Ni 0 . 0 3 - 0 . 0 8 
Zr Balance, 

75 

Zircaloy-4 whose composition by element 
and weight percent is as follows: 

Sn 
Fe 
Cr 
Zr 

1 . 2 - 1 . 7 
0 . 1 8 - 0 . 2 4 
0 . 0 7 - 0 . 1 3 
Balance 

80 
or the zirconium alloy has a composition of 

element and weight percent as follows: 

Nb 
85 X 

Zr 

15 
0 - 1 
Balance 

wherein 
x is at least one transition metal. 

90 6. The article of claim 5 wherein: 
the thickness of the scallop-like regions of 

the integral outer surface regions is approxi-
mately 1.25 X 10 - 1 cm. 

7. An article as claimed in any one of 
95 claims 4 to 6 wherein the metallurgical mi-

crostructure of the core material consists of a 
grains larger in size than the x grains of the 
integral outer surface region and a distribution 
of fine transition metal intermetallics which 

100 are less uniformly distributed therein than in 
the integral outer surface region. 

8. An article of manufacture as claimed in 
claim 1 substantially as hereinbefore de-
scribed with reference to and as illustrated in 

105 the accompanying drawings. 
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