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RÉSUMÉ

Les éléments en traces peuvent réduire la résistance à la fissuration de
tubes de force d'alliage de Zr-2,5Nb. On connaît bien les effets de l'hy-
drogène sous forme d'hydrures et de l'oxygène sous forme d'agent de conso-
lidation ou renforcement d'alliages mais ce n'est que tout récemment qu'on
a constaté la contribution du carbone, du phosphore, du chlore et de l'oxy-
gène séparé préférentiellement. Les carbures et phosphures sont des parti-
cules fragiles alors que le chlore se sépare et forme des surfaces de
moindre résistance qui produisent des fissures sur la face à fissures des
éprouvettes. La forte densité de fissures est associées à la faible résis-
tance à la fissuration. Lorsque son temps de séjour et maintien à la tem-
pérature constante dans la région (or + £) est long, l'oxygène se réparti
dans les grains-a; ces grains sont durs et, s'ils survivent à la fabrica-
tion, ils peuvent réduire la résistance du tube fini. Par l'intermédiaire
du programme de coopération entre EACL et les fabricants, on a introduit
une série de procédés nouveaux et de contrôles de fabrication qui mini-
misent ces effets nuisibles.

L'hydrogène est présente dans l'éponge de Zr sous forme d'eau, peut être
absorbé à chaque opération de la fabrication du tube et doit être contrôlé
soigneusement, en particulier au cours du façonnage du lingot et du for-
geage ultérieur. On a réduit la concentration d'hydrogène dans les tubes
finis d'un facteur 3 en optimalisant les procédés de fabrication et en
mettant en application les nouvelles techniques. La fusion multiple à
l'arc sous vide, l'emploi de matières brutes sélectionnées et le condi-
tionnement de la surface des lingots ont permis d'obtenir une bien meil-
leure résistance à la fissuration en réduisant la concentration de chlore
et de phosphore. On peut obtenir une répartition d'oxygène optimale en
apportant des modifications au cycle d'extrusion. La compréhension du
diagramme des phases du système Zr-2,5Nb-C, en particulier la solubilité du
carbone à de faibles concentrations, a permis de prescrire une plus faible
concentration de carbone.
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ABSTRACT

Trace elements can reduce the fracture resistance of Zr-2.5Nb pressure
tubes. The effects of hydrogen as hydrides and oxygen as an alloy-
strengthening agent are well known, but the contribution of carbon,
phosphorus, chlorine and segregated oxygen has only recently been
recognised. Carbides and phosphides are brittle particles, while chlorine
segregates to form planes of weakness that produce fissures on the fracture
face of test specimens. A high density of fissures is associated with low
toughness. With long hold times in the (a + /Î) region, oxygen partitions
into the a-grains; such grains are hard, and if they survive fabrication
may reduce the toughness of the finished tube. Through a co-operative
program involving AECL and the manufacturers, a series of manufacturing
innovations and controls has been introduced that minimise these harmful
effects.

Hydrogen is present in the Zr sponge as water, can be absorbed at each
stage of tube fabrication, and needs to be carefully controlled,
particularly during ingot breakdown and subsequent forging. Hydrogen
concentrations in finished tubes have been reduced by a factor of three
through the optimization of manufacturing processes and the implementation
of new technology. Multiple vacuum arc melting, use of selected raw
materials and intermediate ingot surface conditioning have resulted in much
improved fracture toughness through the reduction of chlorine and
phosphorus concentrations. Optimum distribution of oxygen may be achieved
through changes to the extrusion process cycle. An understanding of the
Zr-2.5Nb-C phase diagram, particularly the solubility of carbon at low
concentrations, has resulted in the specification of a lower carbon
concentration.

KEY WORDS: Trace elements, Zr-2.5Nb pressure tubes, Carbon, Chlorine,
Phosphorus, Oxygen, Hydrogen, Fracture, Manufacturing.

Fuel Channel Components Branch
Chalk River Laboratories

Chalk River, Ontario KOJ 1JO

1994 March

AECL-10949
COG-93-375



FABRICATION OF Zr-2.5Nb PRESSURE TUBES TO MINIMISE
THE HARMFUL EFFECTS OF TRACE ELEMENTS

by

J.R. Theaker, R. Choubey, G.D. Moan, S.A. Aldridge,
L. Davis, R.A. Graham and C.E. Coleman

VALUE AND IMPLICATIONS

This work has shown that the presence of trace elements can have a marked
impact on the fracture toughness of Zr-2.5Nb pressure tubes., Reduction in
the concentration of carbon, chlorine, hydrogen and phosphorus, and control
of the distribution of oxygen, produces Zr-2.5Nb material, from which very
tough pressure tubes can be made. The chemical analysis within the
technical specification has been revised and practical fabrication methods
have been implemented to exploit these results. Pressure tubes made by
these new techniques will have extended life and larger margins to failure
than current tubes without loss of other properties. The new tubes are
available for immediate use.
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1. INTRODUCTION

The fracture toughness of cold-worked Zr-2.5Nb is very variable and remains
so after irradiation [1, 2]. For example, dJ/da at 240*C varied between 20
and 150 MPa after a neutron fluence of about 6.5xl025n/m2. Understanding
the causes of the variability will allow us to fabricate components with
high toughness while avoiding those with low toughness. Also, analysis of
the fitness of components for service, in which we currently either use
lower bound values or rely on probabilistic methods, would be simplified
with tubes of consistently high toughness.

The possible causes of this variability are variations in grain size and
shape, variations in distribution of the /?-phase, variations in
crystallographic texture and variations in concentration and distribution
of trace elements. This report focuses on the last item.

The two principal features on a fracture surface of Zr-2.5Nb pressure tube
material are ductile dimples and fissures [1] (Figure 1). Dimples are
nucleated at local inhomogeneities such as particles. Occasionally, we
have observed carbide or phosphide particles' at the bottom of dimples, but
these are rare, except when the concentration of these elements is high.
These observations provide an incentive for maintaining a low concentration
of carbon and phosphorus, or distributing them in an innocuous manner. A
low fracture toughness corresponds with the small spacing and large size of
the fissures; examination of fracture surfaces produced inside a scanning
auger microscope showed that the fissures were associated with localised
concentrations of chlorine associated with carbon [3]. The fracture
surface of material containing little chlorine had no fissures and the
fracture toughness was very high. This result strongly suggests that if
the chlorine concentration was minimised, toughness would be increased. It
also provides another reason to control the carbon concentration.

In Zr-2.5Nb pressure tubes, the oxygen concentration is maintained within
the range 5200-7400 ppm(at) [1000-1300 ppm(wt)] to contribute to strength.
During tube fabrication, the material is heated into the (cr+/3) region and
the oxygen partitions between the two phases, concentrating in the a-phase.
This may result in hardening of the a-grains, which may reduce the
toughness in the finished tube. The consequence of this segregation on
fracture properties is evaluated.

Hydrogen has been responsible for cracking in CANDU* pressure tubes [4].
Thus we have a strong motivation to minimise the initial hydrogen
concentration. A conservative guideline for determining tube lifetime is
that hydrides should not be present at operating temperatures. Since the
maximum pickup rate of hydrogen during operation is about 100 ppm(at)
[1 ppm(wt)] per year [5], each reduction of 100 ppm(at) [1 ppm.(wt) ]
increases the nominal lifetime of a tube by one year. Hydrogen is picked
up at several stages during manufacturing; the steps taken to minimize its
concentration are described.

CANDU: CANada Deuterium Uranium, registered trademark.



After briefly describing the production of pressure tubes and their use,
this report considers each element in turn - carbon, chlorine, phosphorus,
oxygen and hydrogen - identifies its source, describes the measures taken
for its reduction or innocuous distribution, and reports on the efficacy of
these measures in improving tube properties. The results are summarised as
a comparison with the specification of 1982 [6]. Standard test methods
were used and thus experimental details are minimised. The concentrations
of• chlorine and phosphorus were derived from glow discharge mass
spectrographic (GDMS) analysis using one machine. This technique' (GDMS)
has been found to give precise results for both chlorine and phosphorus,
thus allowing trends to be plotted. However, due to the current absence of
standards and measurement techniques at the very low concentrations
involved in the investigation, the accuracy of the reported values is not
known. One standard deviation for the range of concentrations measured was
8% and 4.9% for chlorine and phosphorus, respectively. The concentration
of hydrogen was measured by vacuum fusion employing chromatographic
detection or thermal conductivity measurement using a LECO, RH-1 Hydrogen
Determinator. Fracture toughness is taken as dJ/da between 0.15 and 1.5 mm
of crack growth [1].

2. PRODUCTION OF 2r-2.5Nb PRESSURE TUBES

Figure 2 is an abridged flow diagram showing the main steps in the
fabrication of Zr-2.5Nb pressure tubes. Zircon sand is ball milled with
coke to form chemical reactor feed. The resulting compound is reacted with
chlorine to form crude (zirconium + hafnium) tetrachloride that is
dissolved in water and run through a counter-current MIBK (mnthyl-iso-
butyl-ketone) solvent extraction process to remove hafnium. The zirconium
aqueous solution is precipitated with NH4OH, filtered, calcined to ZrO2,
and subjected to a second chlorination for the Kroll Process, during which
the pure zirconium tetrachloride is reduced with magnesium to form a sponge
donut. The MgCl2 formed during reduction is intermingled with the
zirconium sponge. It is removed by hot distillation under vacuum.

The resulting nuclear-grade sponge is crushed, inspected, and compacted in
a press with appropriate additions of alloying elements. .The compacts and
recycled material are welded together, to form an electrode. Several
vacuum arc melts (a process known as vacuum arc refining, VAR) are used to
consolidate, refine, and homogenize the sponge, recycle material and
alloying elements into a final ingot that is 585 mm (23") diameter and
weighs about 6600 kg.

The ingot is initially press forged after heating in the /3-phase,
conditioned by grinding, and then rotary forged in the (ot+/3) phase into
logs about 210 mm (S1/*") diameter. The logs are parted and holes are
trepanned, to form hollow billets that are quenched into water from the
/3-phase and machined into extrusion billets. The billet is extruded in the
(a+/3) phase. The extrusion is cold-worked up to 30% and stress-relieved in
the ct-phase in an autoclave.

The microstructure of the cold-worked Zr-2.5Nb pressure tubes consists of
flat elongated grains surrounded by a grain boundary layer of /3-phase. The
a-grains are usually about 0.3 to 0.5 jUm thick, with dimensions in the
approximate ratio 1:5:50 in the radial:transverse:longitudinal directions



of the tube. The texture has basal plane normals mostly in the tranverse
direction of the tube. The nominal dimensions of the finished tube are
length 6.1m, inside diameter 103 mm and wall thickness 4 mm. The pressure
tubes are used in a CANDU reactor with ̂ O as the heat transfer fluid at a
pressure of about 10 MPa and an operating temperature range of 250 to
310'C.

Large carbides are known to exist in some CANDU Zr-2.5Nb pressure tubes and
have been associated with poor fracture toughness characteristics; they
have been observed occasionally on fracture faces. To eliminate these
large carbides, the role of carbon on Zr-2.5Nb alloy and its manufacturing
processes was studied. The focus of the study was the carbon solubility in
the Zr-2.5Nb system at the press forging soaking temperatures
(1020 +/-36-C).

Zr-2.5Nb buttons meeting the chemical composition requirements for CANDU
pressure tubes with a range of carbon concentrations, 350 to 2350 ppm(at)
[45 to 310 ppm(wt)], were prepared by inert gas melting, chemically
analysed, rolled to thin strips, encapsulated in evacuated quartz tubing,
heat treated at temperatures ranging from 900"C to 1190*C, and water
quenched with the quartz tube intact, although it broke as soon as it
entered the water. The presence of carbide particles was determined by
metallography [7] and the maximum dimensions were recorded for these and
other particles based on a visual determination of individual particles.
Subsequently, these particles were characterised into three families,
according to the maximum dimension, optical characteristics and the degree
of confidence in their identification:

- particles greater than 1 //m positively identified as carbides by
metallography and by microprobe (wavelength dispersive),

- particles in the range 0.25 /jm to 0.75 /ttn, believed to be carbides
but still to be confirmed, and

- very small, unidentified particles.

When these particle families are inserted into a plot of carbon
concentration against soaking temperature (Figure 3), it can be seen that
large carbides are not formed unless the carbon concentration is greater
than about 9.5 ppm(at) [125 ppm(wt)] and the soaking temperature is below
1000'C.

Figure 3 indicates that two methods could be used to prevent the formation
of large carbides in Zr-2.5Nb pressure tubes:

- maintain the carbon concentration below 9.5 ppm(at) [125 ppm(wt)],
or

- use a solution anneal at some temperature above 1025*C (depending
on the maximum carbon concentration) before either the press
forging or the /3-quench.

An increase in the solution annealing temperature was dismissed for several
reasons, including excessive /3-grain growth, a need to qualify a change in
the manufacturing process, and the possibility of precipitating dissolved



carbon during irradiation if a supersaturated solid solution was produced.
Zr-2.5Nb pressure tubes manufactured before 1992 had a specified maximum
concentration of 11.4 ppm(at) [150 ppm(wt)] carbon, with typical
concentrations ranging from 6.1 to 11.4 ppm(at) [80 to 150 ppm(wt)]. Thus,
lowering the maximum concentration was the most effective way to eliminate
the large carbides, and it required minimal manufacturing changes.

3 .1 Source, and Removal

The primary processes that introduce carbon into zirconium metal occur
during the second "pure" (i.e., hafnium free) carbochlorination and
subsequent magnesium reduction and the melting of Zr-2.5Nb recycle.

The hafnium-free zirconium oxide is blended with carbon (coke), to help
reduce the zirconium oxide during the second carbochlorination. The
control of this carbon is accomplished by filtration of fine residual
carbon particles from the carbochlorinated feedstock, but some residual
carbon is carried through the process and remains with the sponge. A
secondary source of carbon comes from entrapped CC>2, CO and COC12 gases in
the ZrCl̂ , formed during carbochlorination of the pure zirconium oxide. A
tertiary source of carbon that must be monitored and controlled is carbon
contained in the magnesium used for the reduction process.

Carbon can also enter the process during the processing of recycled
material. Machining chips can contain residual oily cutting fluids that
have high carbon concentrations, and it is important to use only machining
fluids that can be readily washed from the chips. Residual carbon in
recycled material made from chips and other recycled forms must be
analysed. Material with various carbon concentrations can be blended
through careful assembly of the melt electrode, to produce a finished ingot
with the desired concentration.

3 .2 Imp 1 ement a t i on

To avoid the large detrimental carbides, a process using only selected
zirconium sponge, based on chemical composition and material inspection,
and recycled material has been implemented in the ingot manufacturing
cycle, and a new specification limit of 9.5 ppm(at) [125 ppm(wt)] carbon
has been introduced. Typical carbon concentrations of recently
manufactured pressure tubes have been in the range 6.8 to 8.3 ppm (at) [90
to 110 ppm(wt) ] , and no large carbides have been observed, either on the
fracture faces of test specimens or in the metallographic examination of
samples from finished tubes.

4. CHLORINE

As the chlorine concentration increases, the fracture toughness of Zr-2.5Nb
pressure tubes decreases (Figure 4).

Examination of the pressure tube manufacturing history showed that all the
tough tubes had been produced from ingots made from 100% recycled trepanned
cores (the material that is removed from the centre of a solid billet so
that it can be extruded into a tube). Therefore, the material used to
manufacture these pressure tubes had been melted at least four times; i.e.,



twice when the original material was produced and twice more when the cores
from the original material were remelted. Effectively, these pressure
tubes were manufactured from ingots that had been subjected to quadruple
VAR.

Cross-sectional chemical analyses at several positions from top to bottom
of double-melted ingots showed a chlorine concentration at the ingot tops
of 0.3 to 0.6 ppm(at) [0.1 to 0.2 ppm(wt)] , the same as the concentration
of pressure tubes made from 100% recycled trepanned cores. The other
positions in the ingot had chlorine concentrations of 14 to 20.5 ppm(at)
[5.5 to 8 ppm(wt)]. A hot topping practice, utilising a reduced melting
rate, is applied during the final stages of ingot melting to minimise
piping and segregation. This practice results in a slow transfer of liquid
particles in the arc, and an increased retention time of the liquid metal
at the top of the ingot, thus increasing the time of exposure to low
pressure, where the vacuum system operates most efficiently. This provides
further evidence that the chlorine concentration is lowered by VAR.'

4.1 Source and Removal

The source of the chlorine is the magnesium chloride formed during the
Kroll process in manufacturing zirconium sponge.

ZrC14(gas) + 2M9(liq) <—> Zr(sol) + 2M9C12(liq)

To date, the standard practice has been to manufacture Zr-2.5Nb pressure
tubes from ingots that were melted twice. Quadruple melting can be used to
enhance the chemical refinement of Zr-2.5Nb. It is especially effective in
removing volatile species such as hydrogen, chlorine and magnesium. The
quadruple melting process starts by electron beam welding sponge compacts
to form a 280 mm diameter first-melt electrode. Four 355 mm diameter
first-melt ingots are vacuum arc refined. The 355 mm diameter first-melt
ingots are cut, and recycle billets, which have been previously melted into
a 355 mm diameter ingot and cut into short lengths, are inserted into the
second-melt electrodes. The 355 mm diameter ingots are inverted during
assembly and form three second-melt electrodes, which are cast into three
430 mm diameter second-melt ingots. The second-melt ingots are cut,
inverted and welded together to form two electrodes that are cast into two
510 mm diameter triple-melt ingots. The triple-melt ingots are inverted,
welded and VAR into a 585 mm (23") diameter quadruple-melted ingot with a
final weight of about 6600 kgs.

During melting, the melt rate is carefully controlled by adjusting the
furnace voltages and current. Vacuum levels are established and maintained
to provide optimum removal of volatile species whilst maintaining
manufacturing control.

Figure 5 shows the effect of the multiple VAR on ingot chlorine
concentrations. Geiger and Poirier [9] showed that the fraction retained,
fr/ of a volatile compound in a melt exposed to vacuum for time, t, in
seconds, is given by:

Ln.fr= - (As/V)Kt (1)



where :

A_ is the surface area of melt, m ,
-b

V is the volume of the melt, m , and
K is the overall mass transport rate constant, m/s.

K in turn is related to constants for intra-liquid transport, K^ , and
evaporation transport, Kevap as:

1/K = l/Kliq + l/Kevap (2)

Now,

Kliq =2V(D/*0) m/s (3)

where :

D is the liquid diffusion coefficient, -10~8 to 10~9 m2/s, and

8 is a time parameter, equal to the average distance from the centre
of the melt to the edge of the crucible divided by the average
velocity of the melt at the surface, usually estimated as Is.

Kevap comes from the Knudsen evaporation equation and is given by':

Kevap= yp'/pV(27tMRT) (4)

where :

Q n

p* is the vapour pressure of pure vapourising species, ~10°kg/m-s ,
y is the activity coefficient, taken as unity,
p is the molar density at melting, -7 x 10~° mol/nr for Zr,
M is the molecular weight of the vapourising species, -102 for ZrCl
or
is

T is about 2200 K.
R is the gas constant, 8.31 J.mol~1.K~:L/ and

Substituting appropriate values in both Egs. (3) and (4), it can be shown
that:

Kevap Kliq

.'. 1 1
K Kliq

The time-at-liquid, t, is calculated from

where :

P is the pool depth at the centre
0 is the fill rate



and:

0 « JU/AS

where:

fl is the melt rate
As is the surface area of the pool

Time-at-liquid ranges between 2000 and 3000 seconds for the melt sequences
described above.

Figure 6, derived from data obtained during this work, shows the plot of fr
vs e~^

A/v^Kt showing that Eq. (1) describes the elimination of chlorine
during multiple vacuum arc melting operations. The value of K that
provides the best fit is approximately 1 x 10 m/s. This compares well
with theoretically calculated values of K from Eq. (3), giving a range of
10~4 to 10~5 m/s.

Examination of ingots produced from the first melt showed a partial layer
of residual magnesium chloride salts on the outside surface. This layer
was removed by machining.

4.2 Implementation

A melting practice, including ingot conditioning (removal of outside
surface) and four melting cycles, has been established and a maximum
chlorine concentration of 1.3 ppm(at) [0.5 ppm(wt)] has been introduced
into the specification. This value was chosen based on the concentrations
measured by an uncalibrated GDMS system and estimates of chlorine
concentrations that would be achieved by four melting cycles.

CANDU Zr-2.5Nb pressure tubes, conforming to all the specification
requirements, have been produced with chlorine concentrations of 0.3 to
0.6 ppm(at) [0.1 to 0.2 ppm(wt)], and resultant fracture toughness values
are in the range 350 to 419 MPa (Figure 4) for two ingots. Other
mechanical properties (Table 1) are similar to those of pressure tubes made
from double-melted material, although the tensile elongation and the
ultimate strength appear higher for the material melted four times.
Examination of the chlorine concentrations of successive melts has shown
that at least four melting cycles are required to reduce the chlorine
concentration in Zr-2.5Nb to <1.3 ppm(at) [<0.5 ppm(wt)] throughout the
ingot. When this is done, pressure tubes with consistently high fracture
toughness characteristics can be obtained. Quadruple melting practice has
now been adopted for the production of Zr-2.5Nb pressure tubes for CANDU.

5. PHOSPHORUS

A number of pressure tubes manufactured from 100% recycled trepanned cores
had low chlorine concentrations, but their fracture toughness values were
lower than expected (based on the chlorine concentration). The phosphorus
concentrations of these tubes correlated with the fracture toughness; as
the phosphorus concentration increased, the fracture toughness decreased
(Figure 7). Pressure tubes made from double-melted material exhibited a
similar but weaker correlation, the effect of phosphorus being masked by



the effect of chlorine. In addition, large phosphorus-containing particles
were found on the fracture faces of samples with phosphorus concentrations
of 124 ppm(at) [42 ppm(wt)] (Figure 8).

5.1 Source and Removal

The source of phosphorus is primarily the zircon sand. An upper •
specification limit for phosphorus is applied to the sand, but this limit
is generally well above the concentration of phosphorus desired in the
final product. The phosphorus is primarily removed during the chlorination
process, but can be further lowered through the additional step of
subliming the pure zirconium chloride. Since there is some variability in
the phosphorus concentration in the zirconium tetrachloride, it is
necessary to sample the chloride on a lot-by-lot basis and select lots that
have phosphorus concentrations below the specification maximum, or to blend
lots with variable concentrations to meet the required phosphorus
concentration.

5.2 Results

As part of the quadruple melting practice, a phosphorus concentration limit
of 30 ppm(at) [10 ppm(wt)] has been introduced and, using selected
zirconium sponge, pressure tubes with a concentration of 2.9 to 5.9 ppm(at)
[1 to 2 ppm(wt)] have been produced from two quadruple-melted ingots (the
same ones used in the chlorine reduction trial referenced earlier). These
pressure tubes have a high fracture toughness (Figure 7}.

5.3 Implementation

To consistently manufacture CANDU Zr-2.5Nb pressure tubes with high
fracture toughness, it is not only necessary to reduce the chlorine
concentration, but maintain the phosphorus concentration below 30 ppm(at)
[10 ppm(wt)]. This is achievable through the use of selected zirconium
sponge.

6. OXYGEN

In CANDU Zr-2.5Nb pressure tubes, oxygen is used as an alloying element to
increase the short-term mechanical strength. However, because it is used
in small concentrations, 5000 to 7400 ppm(at) [1000-1300 ppm(wt) ] , it is
defined here as a trace element. For the extrusion process, the Zr-2.5Nb
hollow billets are heated and held in the (a + /?) phase. However, oxygen
is a strong alpha stabiliser, and secondary ion mass spectrometry (SIMS)
has shown that oxygen concentration in some alpha grains has increased
after soaking at these temperatures. Assuming that the oxygen is
distributed evenly after the /J-soak and water quench, even short soaking
times result in a partitioning of the oxygen to some a-grains (Table 2).
As the soaking time is extended, the amount of partitioning increases.
Microhardness measurements on the alpha grains show that these oxygen-
enriched grains are harder (HV 380) than the matrix (HV 280 to 300).

On cooling, after extrusion, the microstructure consists of the oxygen-
enriched a-grains in a network of oxygen-lean a-grains transformed from the
/J-phase. If these prior a-grains contain different oxygen concentrations



due to different soak times, then it is possible that the resultant
Zr-2.5Nb pressure tubes could have variable mechanical properties,
including fracture toughness.-

6.1 Investigation

Trials were run on hollow billets from the same double-melted ingot to
examine the effect of soaking time at extrusion temperature. The extrusion
process variables, mechanical property variations (including fracture
toughness), and microstructural differences of pressure tubes manufactured
with pre-extrusion soaking times of 2-3/4 hours were compared with pressure
tubes made with a normal soaking time of 1/4 hour. No unusual extrusion
variables were observed, and there were no significant mechanical property
variations. SIMS analyses did indicate partitioning of oxygen to the
larger prior a-grains (Table 2), and there is some indication that the
fracture toughness of the material soaked for 2-3/4 hours may be lower than
that of the material soaked at the shorter time (Table 3). The
microstructure of the pressure tubes soaked at the shorter time appears
more uniform and contains fewer large prior a-grains (Figure 9) than the
material made after the longer pre-extrusion soak time.

6.2 Results

Based on the microstructure and the oxygen concentration gradient between
the prior a-grains and the matrix, the absence of clear changes in pressure
tube attributes for increased soaking time is perhaps surprising. However,
the chlorine concentration of this material is 18 ppm(at) [7 ppm(wt)], and
it is suspected this high value may mask the effect of any oxygen
segregation. The effect of soaking temperature and time is being
investigated on low-chlorine, quadruple-melted material.

6.3 Implication

For double-melted Zr-2.5Nb pressure tubes, long soaking times result in
oxygen segregation to the prior alpha grains, and a less uniform
microstructure, but there is no significant effect on the mechanical
properties and only a possible reduction in fracture toughness. The
mechanical properties, including fracture toughness, appear independent of
extrusion soaking times, although this remains to be confirmed on
quadruple-melted material with low chlorine concentrations.

7. HYDROGEN

Hydrogen is responsible for a cracking mechanism in zirconium alloys called
delayed hydride cracking (DHC) [4,10,11,12]. For DHC to occur in Zr-2.5Nb
pressure tubes, the following must be present at the same time:

- a large tensile stress,
- a crack initiator, and
- hydrides, the presence of which indicates that the hydrogen
concentration is greater than the solubility limit of hydrogen in
zirconium at the temperature of interest.
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During reactor operation, the hydrogen concentration in pressure tubes
gradually increases, primarily from the pick-up of some of the deuterium
that is released in the corrosion reaction with the ̂ O coolant at the
inside surface. It is thus desirable that new pressure tubes have low
initial hydrogen concentrations, to ensure that the equivalent hydrogen
concentrations that would cause hydrides to be present at operating
temperature are not reached throughout the design life.

7.1 Source and Removal of Hydrogen

Hydrogen found in zirconium alloys may have entered the material at many
stages during the manufacturing process. The principal source is the
manufacture of the sponge. The pure ZrCl^ is reduced by magnesium in the
Kroll Process, and it is essential to remove the MgCl2 by vacuum
distillation. Some residual MgCl2 remains in the sponge after the
distillation, and it can absorb moisture as MgĈ .Ŝ O. The sponge must be
handled so that moisture is not absorbed by the MgCl2 or by the reactive
sponge surfaces. The residual MgCl2 is distilled out during the VAR, but
furnace variables such as melt rate and vacuum levels must be controlled so
that the associated hydrogen and residual moisture are also removed.
Continued VAR will reduce the hydrogen concentration, but with diminishing
returns.

Hydrogen pickup can also occur during high-temperature heat treatments,
such as those used for forging, j3-quenching and extrusion. Gas-fired
furnaces with reducing atmospheres have been eliminated and replaced by
electric furnaces for these operations. Holding times and temperatures
have been modified to keep them as low as possible whilst maintaining
manufacturing efficiency and product integrity.

A study was carried out to examine the relative importance of the different
processing stages in the pickup of hydrogen in new CANDU Zr-2.5Nb pressure
tubes. Material was collected during the processing of tubes from two
double-melted ingots. The material sampled included sponge and slices from
the ingots, the forgings, the billets before trepanning, the extrusions,
the cold-drawn tubes and the finished tubes. Several thousand samples were
prepared, so that the hydrogen concentrations and their distributions in
the material after the different processing stages could be determined.

7.2 Results

The results of the hydrogen analyses are summarised in Table 4. They show
that the sponge had the highest hydrogen concentrations and a large
variability. The concentrations in the ingot were generally 400 or
500 ppm(at) [4 or 5 ppm(wt)] after double vacuum arc melting, but values of
up to 1300 ppm(at) [14 ppm(wt)] were measured at locations close to the
ingot surface. The concentration in the billets was normally 400 or
500 ppm(at) [4 or 5 ppm(wt)]. However, all the billet samples showed an
increasing hydrogen concentration gradient from the centre to the outside
surface, with some values as high as 3600 ppm(at) [40 ppm(wt) ] just below
the billet surface. Cross-sectional samples from the extrusions, drawn
tubes and autoclaved tubes normally had mean concentrations of 400 or
500 ppm(at) [4 or 5 ppm(wt)], and standard deviations of less than
100 ppm(at) [1 ppm(wt)].
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The hydrogen concantration changes during the quadruple melting process
were monitored in recent ingots. After the first melt the hydrogen
concentration varied between a high of 1600 ppm(at) [18 ppm(wt) ] and a low
of less than 300 ppm(at) [3 ppm(wt)]. As the material progressed through
the other three melting cycles, the hydrogen concentration decreased to be
consistently less than 300 ppm(at) [3 ppm(wt) ] 'in the final ingot-with the
same concentrations in the pressure tubes.

The melting process clearly makes the largest contribution to the reduction
of the hydrogen concentration. Hydrogen absorbed during the heating for
forging, /3-guenching and extrusion operations remained close to the
surface. By modifying the machining practice to remove the appropriate
amount of stock and ensuring that the billets are correctly centered, most
of this absorbed hydrogen can be removed.

7.3 Imp1ementation

The average hydrogen concentration in a batch of tubes made in t:--e 1980's
was 950 ppm(at) [10.3 ppm(wt) ] , the standard deviation was 300 ppm(at)
[3.1 ppm(wt)] and some values were up to 1600 ppm(at) [18 ppm(wt)]
(Figure 10) . Process changes and system improvements, such as the use of
new vacuum systems for the vacuum arc furnaces and electric furnaces for
heating material for forging and extrusion, and a modified machining
practice, have been implemented, and hydrogen concentrations in a recent
batch of tubes have a mean concentration of 260 ppm(at) [2.6 ppm(wt)], with
a standard deviation of 40 ppm(at) [0.4 ppm(wt)] and a maximum value of
500 ppm(at) [5 ppm(wt)]. This is a real reduction as a result of the
modified practice, and it has allowed the specified maximum hydrogen
concentration of CANDU Zr-2.5Nb pressure tubes to be lowered from 2300 to
500 ppm(at) [25 to 5 ppm(wt)].

8. SUMMARY

Table 5, which summarizes this report, lists the elements, the mechanism by
which they reduce toughness, their source during tube fabrication, and the
steps taken to minimise their effect. The consequence of these studies has
been a change in the specification of the chemical composition of CANDU
pressure tubes. Table 6 compares the relevant parts of the new
specification with that used in 1982 [6]. Noteworthy is the reduction in
allowable hydrogen concentration by a factor of five. If hydrogen is
picked up during operation at 100 ppm(at) [1 ppm(wt) ] per year, then the
period without hydrides present (at the operating temperature) has been
increased by 20 years in a tube containing the maximum concentration
allowed by the new specification. Also of significance is the introduction
of a specified maximum value for chlorine and phosphorus, as well as a
reduction in the maximum carbon concentration permitted. All the low
concentrations are challenging the resolution of the chemical analytical
techniques, and additional independent confirmation may be required to
assure compliance with the specification.

Since tubes made from 100% recycled material (i.e., melted four times) have
already been in service in power reactors, we have examined their other
properties, to ensure that they have not been sacrificed to improve
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fracture toughness. No changes were observed that could be attributed to
the differences in purity:

- the characteristic properties of delayed hydride cracking, crack
velocity, and KjH were measured on material at the extremes of
measured fracture toughness, and no difference was noted,

- measurements of oxidation and deuterium pick-up in tubes removed
from Pickering Unit 3 revealed no difference at any position along
the tubes between tubes made from double-melted (18 tubes) and 100%
recycled material (seven tubes), and

- within 10% of the mean values, the deformations of the pressure
tubes in Pickering Unit 3 were indistinguishable.
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Table 1—Mechanical Properties of Zr-2.5Nb Pressure Tubes
Made From Quadruple-Melted Material
(Tested in the Longitudinal Direction at 300*C)

Quadruple-Melted Ingots

UTS. MPa YS. MPa ELONG %

MEAN (6 results) 550 412 19

Comparison Data

Station A

MEAN (2058 results) 513 393 14.7
Std Dev 14.8 23.4 1.7

Station B

MEAN (2007 results) 512 379 14.8
Std Dev 17.2 20.7 1.9
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Table 2—Oxygen-partitioning in Zr-2.5Nb material heat-treated in the
(a + /3) phase field

Material Heat-Treatment Heat-Treatment Average Oxygen Concentration[ppm(wt)] Ratio
Temperature 'C Time (hours) a/b

Large a Grains /? Matrix
(a) (b)

8i"
Forged
Billet

Pressure
Tube

850
850
850

815
815

i
4

2*
12

j.

%

2076
. 2354

2422

1014
1685

697
668
422

647
728

3.0
3.4
5.7

1.6
2.3

Table 3—Mechanical properties in the longitudinal direction
as a function of pre-extrusion soaking time

Tube # Soak Time
(Hours)

Y.S.
(MPa)

UTS
(MPa)

ELONG dJ/da
(%) (MPa)

Tube 1 2f 383 521 15 174
Tube 2 2| 381 507 18 160
Tube 3 % 384 517 18 182
Tube 4 1 384 518 17 178

4
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Table 4—Summary of hydrogen concentration
at each stage of production

Sponge 9 samples tested, range: 0.12-0.59 at% (13-66 ppm) ,
mean: 0.32 at% (35 ppm)

Ingots Most data 0.04-0.05 at% (4-5 ppm)
Some surface values up to 0.09-0.13 at% (10-14 ppm)

Billets Most data 0.04-0.05 at% (4-5 ppm), but at forged
surfaces, most surface values 0.1 at% (11 ppm), maximum
0.36 at% (40 ppm)

Extrusions Mean: 0.05 at% (5 ppm)
Std Dev: 0.007 at% (0.8 ppm)

Drawn Mean 0.04 at% (4.3 ppm); Std Dev 0.005 at% (0.6 ppm)
Tubes

. Autoclaved Mean 0.05 at% (4.8 ppm); Std Dev 0.006 at% (0.7 ppm)
Tubes

Summary of the hydrogen concentrations measured in several thousand samples
prepared during the processing of the pressure tubes from two ingots'. The data
show that the highest hydrogen concentrations were found in the sponge, that
after the double vacuum arc melting of the ingot most of the data were close to
0.05 at% (5 ppm), and that there was a higher concentration close to the forged
surfaces. The original data were reported as ppm(wt).
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Table 5—Minimizing the effects of five trace elements on •
fracture properties of Zr-2.5Nb

Element Mechanism Effect Principal
Source

Mitigation of
Deleterious
Effect

C Forms brittle
ppt's and
associates with
embrittling Cl

Cl Forms fissures

Forms ppt's that
initiate micro-
voids

Partitions to
the a-phase
during heating
in (a+j3) regions

Reduces
Fracture
Toughness

Reduces
Fracture
Toughness

Reduces
Fracture
Toughness

May reduce
Fracture
Toughness

Zr sponge
and scrap

Zr Sponge

Zircon sand

Zr Sponge

Use selected
sponge and
recycled
material

Quadruple
melting

Use selected
sponge

Control extrusion
variables

H Forms brittle
hydrides

Leads to DHC
and brittle
fracture

Zr Sponge
and forging

Control melting
and forging
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Table 6—Element changes [ppm(wt)] {as defined by the pressure
tube specification)

ELEMENT

C

Cl

?

0

H

1982 1992

270 max 125 max

not covered 0 . 5 max

not covered 10 max

900 - 1300 1000 - 1300

25 max+ 5 max"*"

+ Finished tube
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Figure 1 Scanning electron micrograph of the fracture surface of a
Zr-2.5Nb compact specimen.



Zircon sand ball
milled with coke

First
Carbochlorination

Second
Carbochlorination

Kroll reduction
using Mg followed

by hot vacuum
distillation

20

Fabricate into
Electrodes, alloy

additions

±

Consolidate recycle
material into
electrodes

First Melt

Second, third and
fourth melts

I
Vacuum arc melt
into 355 mm ingot

I
Saw into 125 mm

thick recycle billets

I
Chemical analysis

and X-ray for
inclusions

Chemical analysis
and machine for

forging

Heat ingot sections
to 1015°C and press

forge to 356 mm
polygons

Heat to 815°C and
rotary forge to

210mm
round billet

Inspect and
premachine billet

hollows

Beta quench from
1015°C

FINISHED
Zr-2.5Nb
CANDU
Pressure

tube

Final machine
billets and inspect

Straighten and
final

inspection

Heat to 815°C and
extrude

I
Autoclave (stress
relieve) at 400"C

. 1
Cold draw up to

30%
Condition surfaces,

hydro test and
inspect

Figure 2 Abridged flow chart for the fabrication of CANDU Zr-2.5Nb
pressure tubes.
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Figure 6 Fraction of chlorine retained: measured vs. predicted during four
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Figure 8 Secondary electron micrograph of cracked phosphorus-containing
particles in the fracture surface of a Zr-2.5Nb compact specimen
'containing 124 ppm(at) [42 ppm(wt)] phosphorus.
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KX 4.98H 3020

Figure 9 Typical microstructures of pressure tubes made from a double-
melted ingot soaked at 815*C for different times before
extrusion, a) 1/4 hours soak time: b) 2-3/4 hours soak time.
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