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Starting with identical ingots, billets having different microstructures were obtained by three different
processing methods for fabrication of Zr-2.5wt%Nb pressure tubes. The billets were further processed by
hot extrusion and cold Pilger tube reducing to the finished product. Microstructural characterization
was done at each stage of processing. The effects of the initial billet microstructure on the intermediate
and final microstructure and mechanical property results were determined. It was found that the struc-
ture at each stage and the final mechanical properties depend strongly on the initial billet microstructure.
The structure at the final stage consists of elongated alpha zirconium grains with a network of metastable
beta zirconium phase. Some of this metastable phase transforms into stable beta niobium during ther-
momechanical processing. Billets with quenched structure resulted in less beta niobium at the final stage.
The air cooled billets resulted in a large amount of beta niobium. The tensile properties, especially the
percentage elongation, were found to vary for the different methods. Higher percentage elongation was
observed for billets having quenched structure. Extrusion and forging did not produce any characteristic
differences in the properties. The results were used to select a process flow sheet which yields the desired
mechanical properties with suitable microstructure in the final product.

1. Introduction

Pressurized heavy water reactors (PHWR) use zirconium-
base alloys for their low neutron-absorption cross section, good
mechanical strength, low irradiation creep, and high corrosion
resistance in reactor atmospheres. Zr-2.5wt%Nb alloy cur-
rently used for pressure tubes has proved more suitable than
Zircaloy-2 due to comparatively lower deutrium pickup rate,
higher mechanical strength, and better in-reactor creep and cor-
rosion resistance properties (Ref 1). Good mechanical strength
and high ductility at reactor operating temperature are essential
design features for this material.

The fabrication method for manufacture of Zr-2.5wt%Nb
pressure tubes includes water quenching of billets preheated to
1000 °C (beta range); this step is also known as beta quenching.
This is done for randomization of texture, homogenization of
chemical composition, and refinement of grain structure. The
present studies were focused on explaining the differences, if
any, in the microstructure at various stages and the tensile prop-
erties at the final stage when different processing methods were
used for billet manufacture.

2. Experimental and Process Details

Table 1 shows typical chemical composition of the material.
The chemistry of all the tubes was similar. Product analysis of
each tube was within the chemical specification mentioned in
the table. Hydrogen and trace elements like chlorine and phos-
phorous have been limited to lower values in recent specifica-
tions. This improves the in-reactor performance of the tubes
while other properties (microstructure, tensile, corrosion, etc.)
are likely to be unchanged. Although the material in the present
study conformed to an earlier specification, the results of the
present study were not affected by these changes.

The three processing methods used to manufacture the tubes
in this study are shown in Table 2. In method 1, the ingots were
hot extruded to billet size (230 mm diameter) and then beta
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Table 1 Typical chemical analysis of Zr-2.5%Nb
 pressure-tube material

Composition
Specified

Element Old Revised By analysis

Niobium,% 2.4-2.8 2.4-2.8 2.6
Oxygen, ppm 900-1300 900-1300 1148
Iron, ppm 1500 max 650 max 1160
Chromium, ppm 200 max 200 max 150
Tin, ppm 100 max 50 max <25
Copper, ppm 30 max 30 max <30
Nitrogen, ppm 65 max 65 max 30
Hydrogen, ppm 25 max 5 max <10
Chlorine, ppm … 0.5 max …
Phosphorous, ppm … 10 max …
Zirconium, ppm bal bal bal

JMEPEG (1999) 8:61-67 ASM International
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quenched. This is the standard processing method used pres-
ently. In method  2, the ingots were hot forged to an interme-
diate size and then beta quenched. These were finally
reduced to billet size by a second hot forging. Method 3 is
identical to method 2, except for an additional beta quench-
ing step after the second hot forging. Optical and transmis-
sion electron microscopy (TEM) was carried out at this billet
stage (stage 1). The processing methods 1, 2, and 3 hereafter
were identical.

Billets from these three methods were hot extruded in a
similar way by preheating to 800 °C and by extruding through
a conical die to hollow blanks that were cooled subsequently

and slowly in air. Microstructure evaluations on samples col-
lected after extrusion (stage 2) from the three processing meth-
ods were done using scanning electron microscopy (SEM) to
examine backscatter images. These extruded hollow blanks
were stress relieved at 480 °C for 3 h and cold reduced by Pilger
tube reducing in two stages with an intermediate annealing at
550 °C for 6 h. The first cold reduction was limited to approxi-
mately 60% and the second cold reduction was limited to ap-
proximately 22%. A length of 110 mm was cut from each tube
for tensile testing and structure evaluation after the second pil-
gering. The piece was stress relieved in a muffle furnace at 400
°C for 36 h.

(a) (b)

Fig. 1 Billet microstructure for processing method 1 taken at stage 1. (a) Optical micrograph showing martensitic structure. (b) TEM struc-
ture showing a twinned primary martensitic plate, A, surrounded by secondary martensite, B

(a) (b)

Fig. 2 Billet microstructure for processing method 2 taken at stage 1. (a) Optical micrograph showing air-cooled two-phase structure. 
(b) TEM structure showing light alpha zirconium grains, α, containing dislocation network, φ, surrounded by a film of dark beta zirconium
phase, β
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Cold working in two steps with an intermediate anneal pro-
duces tubes with certain advantages over those produced from
a single cold work of 22 to 25% after extrusion (the route fol-
lowed elsewhere, Ref 2 and 3). The two-stage reduction with an
intermediate anneal resulted in a smaller aspect ratio of alpha
and beta grains leading to improved reactor performance (Ref
4). Samples for optical and transmission electron microscopy
(TEM) were collected at the final stage (stage 3). Optical metallo-
graphic samples were etched using HF + HNO3 + H2O solution.
Thin foils for TEM were prepared by electropolishing using dou-
ble-jet thinning in a solution of 6% sulfuric acid in methanol main-
tained at –50 °C. Thin foils were examined in a PEM430T (Philips
Electron Instruments Corporation, Mahwah, NJ) TEM operating
at 300 kV.

Tensile properties were evaluated from samples taken from
the axial direction of the tubes. These were tested on an Instron
1185 universal testing machine (Instron Corporation, Canton,
MA) at 300 ° C as per ASTM E 21.

3. Results

Optical and electron micrographs of samples taken at stage
1 from methods 1, 2, and 3 are shown in Fig. 1, 2, and 3, respec-
tively. Fine acicular martensitic structures with a basket weave
pattern are seen in the optical micrograph, Fig. 1(a) and 3(a),
taken at billet stage from processing methods 1 and 3, respec-
tively. The corresponding structures  under TEM show as
plates of martensite (Fig. 1b and 3b). A twinned primary
martensitic plate (marked “A”) surrounded by secondary
martensite (marked “B”) is seen in Fig. 1b (Ref 5). The sample
from processing method 2 taken at stage 1 under optical micro-
scope reveals a two-phase structure consisting of (light) alpha
phase surrounded by (dark) beta phase (Fig. 2a). The corre-
sponding TEM structure shows clear alpha- and beta-phase
separation (Fig. 2b). The beta phase is present as a thin film sur-
rounding the alpha grains. A fine dislocation network inside alpha
grains is also observed. This is a typical slowly cooled structure for
this alloy.

The resulting microstructures after extrusion (stage 2) as
seen in the SEM are shown in Fig. 4 . The dark regions repre-
sent the alpha phase, while thin, elongated, light stringers rep-
resent the beta phase. The structure resulting from processing
method 1 (Fig. 4a) exhibits beta stringers relatively dis-
tinctly and evenly spaced while those from processing meth-
ods 2 and 3 (Fig. 4b, c) are broken, varying in thickness and
spacing. It is difficult to quantify the structures, especially
those from processing methods 2 and 3, due to nonuniform
beta-phase distribution.

At stage 3, the material is in a cold-worked state. The optical
structures at this stage do not reveal any details due to cold
work and fine grain structure.

Figures 5 to 7 are the TEM resulting from processing meth-
ods 1, 2, and 3 at stage 3, respectively. Figure 5(a) shows the

Table 2 Three processing methods with different 
billet-process schedules for manufacture of Zr-2.5%Nb
pressure tubes

Processing method   Billet-process schedules

1 Ingot
Hot extrusion to billet
Beta quench at 1000 °C

2 Ingot
Hot forging to intermediate size
Beta quench at 1000 °C
Hot forging to billet at 850 °C (air cool)

3 Ingot
Hot forging to intermediate size
Beta quench at 1000 °C
Hot forging to billet at 850 °C (air cool)
Beta quench at 1000 °C

Note: After initial processing, a stage 1 sample was taken. All three meth-
ods then proceeded as follows. Stage 2: hot extrusion at 800 °C to blanks
followed by stress relieving at 480 °C for 3 h; Stage 2 sample collected.
Stage 3: first pass Pilger tube reducing (60% cold work), stress relieving
at 550 °C for 6 h, second pass Pilger tube reducing process (22% cold
work) , and stress relieving at 400 °C for 36 h; Stage 3 sample collected

(a) (b)

Fig. 3 Billet microstructure for processing method 3 at stage 1. (a) Optical micrograph. (b) TEM similar to Fig. 1
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presence of elongated alpha grains oriented in the working di-
rection. Figure 5(b) shows a selected area diffraction (SAD)
pattern from [1120] plane from alpha zirconium. During proc-
essing of this material, the various heat treatments (intermedi-

ate annealing and final stress relieving) result in the dissocia-
tion of phases of beta-zirconium (present in extruded blank
stage) to stable beta-niobium and alpha-zirconium phases (Ref
6, 7). Figure 5(c) shows SAD from [111] plane of a beta-nio-
bium precipitate. The number of precipitates in this case is few.
Figure 6(a) is from a sample taken at stage 3 from processing
method 2. This micrograph reveals the presence of a large num-
ber of globular precipitates at the grain boundary of alpha zir-
conium. SAD from [1120] plane from alpha zirconium is
shown in Fig. 6(b). Figure 6(c) shows  SAD from [100] plane of
beta-niobium precipitate at the grain boundary.

Figure 7(a) is from a sample taken at stage 3 from process-
ing method 3; it reveals elongated alpha-zirconium grains with
some beta-niobium precipitates at the alpha grain boundaries.
The number of precipitates is similar to that observed for proc-
essing method 1. SAD from alpha-zirconium and beta-niobium
are shown in Fig. 7(b) and (c), respectively. Figure 8 shows sta-
tistical distribution of tensile properties evaluated at 300 °C.
Each set of data from the three different process routes consist
of results from more than 160 tubes. It is observed that the per-
centage of tubes having ultimate tensile strength (UTS) greater
than 520 MPa in processing methods 1, 2, and 3 are 67, 75, and
70%, respectively. A similar trend is observed for 0.2% yield
strength (YS). Bar charts on percentage of elongation show for-
ward skew for processing method 1 (i.e., toward higher per-
centage elongation) and a backward skew for processing
method 2 (i.e., toward lower percentage elongation). The per-
centages of tubes having elongation greater than 16% in
processing methods 1, 2, and 3 are 94, 52, and 82%, respec-
tively. Ductility in the finished stage is highest in processing
method 1.

4. Discussion

The structure after extrusion essentially consists of elon-
gated alpha-zirconium with a beta-zirconium phase present as
thin stringers along the extrusion direction. During subsequent
processing, the effect of various heat treatments is formation of
stable beta-niobium from metastable beta-zirconium. One of
the major differences in the final microstructure of the tubes
from the three processing methods is the quantity and distribu-
tion of this niobium rich phase. The quantity of this phase ob-
served in method 2 is much greater than that observed in
methods 1 and 3. In process 2, the beta-zirconium phase is al-
ready present in the preextrusion stage. During further process-
ing, its dissociation to beta-niobium and alpha-zirconium is
quite high. Processes 1 and 3 have quenched (martensitic)
structure before extrusion and beta-zirconium is formed only
after extrusion to blanks. This results in less beta-niobium in
the final stage.

The tensile properties obtained at elevated temperature can
be correlated to the structure at the final stage. The presence of
these second-phase particles (i.e., beta-niobium precipitates),
which are hard and brittle at the grain boundaries, weaken the
grain boundaries. This results in the observed loss of ductility
as in case of process 2. The effect on strength will be reversed;
these precipitates will restrict the movement of dislocations
and result in higher strength values.

Fig. 4 Microstructure of as extruded material at stage 2. Back
scatter SEM image showing a two-phase structure containing
thin, light-colored beta phase. (a) Processing method 1. (b) Proc-
essing method 2. (c) Processing method 3

(c)
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Fig. 6 Microstructure at finished stage for processing
method 2 (stage 3) showing larger amount of beta-niobium
precipitated at alpha phase boundary (see arrow). (b) SAD
from alpha zirconium [1120] phase. (c) SAD from beta-nio-
bium [100] plane

(c)
(c)

Fig. 5 (a) Microstructure at finished stage for processing
method 1 (stage 3) showing typical bamboo-tree structure with
small amount of beta niobium precipitated from beta zirconium
phase at alpha phase boundary (see arrow). (b) SAD from alpha
zirconium [1120] plane. (c) SAD from beta niobium precipitate
[111] plane
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(a)

(b)

(c)

Fig. 7 (a) Microstructure at finished stage for processing at
method 3 (stage 3) showing some beta-niobium precipitate at al-
pha phase boundary (see arrow). (b) SAD from alpha zirconium
[1120] plane. (c) SAD from beta-niobium [111] plane

(a)

(b)

(c)

Fig. 8 Distribution of mechanical properties evaluated at 300
°C at final stage. (a) Ultimate tensile strength. (b) 0.2% yield
strength. (c) Percentage elongation
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5. Conclusions

The structure and properties of the final product are affected
by the process schedule and the condition of billets before ex-
trusion.

During the processing of these tubes, the various heat treat-
ments tend to decompose the metastable beta-zirconium to sta-
ble beta-niobium and alpha-zirconium. Thus the grain boundary
precipitates of beta-niobium exist in the final structure.

The quantity of this phase depends on the initial structure of
the billets before extrusion. Fine acicular martensitic structure
before extrusion results in less beta-niobium precipitates in the
final structures (processes 1 and 3).

There is a difference in tensile properties (especially per-
centage of elongation) of the materials processed from differ-
ent methods that is attributed to the final microstructure, which
contains varying amounts of stable beta-niobium.
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