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Abstract

Niobium offers a unique combination of properties for use in High Pressure Sodium (HPS)
vapor lamps. Today, both pure niobium and Nb-1Zr find use as lead wires and end caps in HPS
lamps. The results of a gatistical comparison of the mechanical properties of niobium and Nb-
17r sheet and wire are presented, and reved that the addition of 1% zrconium does not
dggnificantly dter the room temperaiure drength of niobium.  Indead, the dloy exhibits
enhanced mechanicad properties a eevated temperatures compared to pure niobium. This
observation, as well as metdlurgicd andyss, confirms that zirconium acts as a disperson
grengthener in nicbium.



Introduction

The “Eureka’, or firsd glow of a sodium vapor lamp occurred a Westinghouse's Newark
facility over thirty years ago. In the initid lamp designs, the criticd metd parts in contact with
the quartz arc tube containing the sodium vapor were congtructed of tantalum. For production,
niobium pats quickly replaced tantalum end-caps and lead wires, niobium offered Smilar
resstance againgt corrosve attack from high-pressure sodium as tantalum at a 75% cost saving.
Today, niobium-1% zrconium (Nb-1Zr) is the prominent materid of choice for the criticd
metd partsin High-Pressure Sodium (HPS) discharge lamps.

The sdection of niobium and Nb-1Zr for use as the criticd meta parts in HPS lamps is judtified
by severd factors.

The metd and the dloy exhibit excdlent resstance to high-pressure gases contained in the
arc tube (sodium, mercury, and xenon) &t lamp operating temperatures [1].

The coefficients of themd expandon (CTE) of niobium and Nb-1Zr are smilar to the
polycrysdline dumina (Lucaox), as well as to the more recently developed ceramics used
to condruct the arc tube. This assures the integrity of the sed between the arc tube and its
end- cgps through thermd cycling during the lamp’s sarvice life.

The themd conductivity of niobium and Nb-1Zr is about triple that of there next-best
dternative, nickd-base dloys  The materids conductivity, combined with their high
meting points, assures that there are no incipient melting issues.

Niobium and Nb-1Zr are mdlesble and can be readily formed into desred shapes under
ambient conditions.

Optimizing the sarvice life of HPS discharge lamps is of dire importance to the light
manufecturer  who must remburse  municipdities for the replacement cods (incuding
equipment and labor) of dreetlights that fail prematurely. The life of HPS lamps can average
as much as 24,000 hours, or the equivdent of over 6Y2 years assuming 10 light hours per
activation [1]. The life of the HPS lamps is not limited by falure of the criticd metal parts, but
from the build-up of deposits that raise the operating voltage. When the bdlast can no longer
supply the increased voltage needed to sustain the arc, the lamp will flicker on and off and must
be replaced.
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Figure 1: High Pressure Sodium (HPS) discharge lamp srowing the arc tube and
critica metal parts. Photograph courtesy of ALMIS[2].



Processing of Niobium and Nb-1Zr for Lighting Applications

High purity niobium and Nb-1Zr ingots are melted at Cabot Performance Materials Boyertown
Plant. Niobium billets, produced from Nb,Os by the duminum thermite process are triple
eectron beam (3EB) mdted in a 1200KW Leybold furnace to yidd a high purity niobium
ingot. Alloying niobium with zirconium is accomplished by Vacuum Arc Remdting (VAR).
Here, VAR mdting is used to minimize voldilization of the zirconium that would occur during
EB mdting. A comparison of the ingot chemistries of niobium and Nb-1Zr is given below.

Tablel ASTM chemigry limits for niobium and Nb-1Zr [3]
Zr Ta Fe Si W Ni Mo Hf Al

Niobium 0.02 0.2 0.01 0.005 0.05 0.005 0.01 0.02 0.005

Nb-1Zr 0.08-1.2 0.5 0.01 0.005 0.05 0.005 0.05 0.02 0.005

(@] C N H
Niobium 400 150 100 15
Nb-1Zr 400 150 100 15

Cabot controls the zirconium content to £0.20% in Nb-1Zr products. The dloy’s maleability is
gmilar to that of pure niobium, and is processed in a Smilar manner into wire and grip. The
finished wire used for HPS lamp applications typicdly ranges from 0.015 to 0.040 inch
diameter, and sheet thickness runs from about 0.010 to 0.025” gauge.

Effect of Zirconium on the Properties of Niobium

While both niobium and Nb-1Zr find use in HPS lamps, the dloy serves to improve the
mechanical properties of niobium at eevated temperaiures.  Firdt, as evident in Figure 2, Nb-
1Zr retains its srength up to temperatures of about 750°C, whereas niobium quickly loses
mechanicad grength beyond about 500°C. Similarly, the dloy remains rigid up to a temperature
of about 750°C, while the pure metd rapidly become soft and extremdy ductile a higher
temperatures above 500°C. This behavior is seen in the tensle ductility plots given in Figure 3.

The addition of 1% zirconium dso serves as a gran refiner for niobium. The grain gze of the
fine wire and strip products average about 10-20 microns, regardiess of composition, due to the
extengve amount of work imparted in the products from the deformation processes. However,
the rate of grain growth of the pure meta is greater than that of the dloy. As a reault, in high
temperature service applications, Nb-1Zr is expected to be less prone to embrittlement than
pure niobium.

The means by which zirconium dabilizes the devated temperature properties of niobium has
not been extensvely invesigated. The prevaling theory is that zirconium forms a second-
phase by reacting with free interditid oxygen aoms within the niobium matrix. As seen in
Figure 4, a zirconium rich phase is present in niobium as large dispersoids within a cross
section of annedled Nb-1Zr wire. These second-phase particles act as disperson strengtheners,
and are believed to be responsble for the high temperature properties and resstance to grain
growth associated with the alloy compared to pure niobium.
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Figure 2: Effect of temperature on the Yidd Strength (Y S) and Ultimate Tensle Strength
(UTS) of niobium and Nb-1Zr[4.5].
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Figure 3: Effect of temperature on the ductility of niobium and Nb-1Zr[4,5].
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Figure 4: Digpergon of zirconium-rich phase through out the cross section of a Nb-1Zr wire.



To gan additiond indght into the influence of zirconium on niobium, the mechanica
properties of niobium and Nb-1Zr wire and sheet were collected from historic production
records and anayzed usng datisticd methods. The ambient temperature mechanicd
properties were collected from 242 lots of niobium wire and from 238 lots Nb-1Zr wire. In
addition, data representing 146 lots of niobium drip and 503 lots of Nb-1Zr srip was aso
compared.

The results from the datidical evduation of tensle srength and eongation data from the wire
and grip products are reported numericaly in Tables 1l and Ill, respectively. The datistical
data is dso presented grephicaly as box plots, where the second and third quartiles are
represented as boxes and the firg and fourth quartiles are indicated by lines. The box plots
comparing the Ultimate Tendle Strength (UTS) and eongation of niobium and Nb-1Zr wire are
given in Hgure 5, while those comparing the properties of niobium and Nb-1Zr grip are
provided as Figure 6.

Table I Statisticdl comparison of niobium and Nb-1Zr wire room temperature

mechanica data
Compostion | Median | M ean | Std. Deviation | Range
Ultimate Tensle Strength (kg)
Niobium 42.1 42.3 3.1 34.5-50.9
Nb-1Zr 42.8 43.0 2.4 34.9-48.4
Elongeation (%)
Niobium 314 31.2 3.7 21.2-40.0
Nb-1Zr 27.2 27.4 2.5 20.1-32.5
Table 11l Satigicd Comparison of niobium and Nb-1Zr sheet room temperature
mechanica data
Composition | Median | M ean | Std. Deviation | Range
Ultimate Tendle Strength (kS)
Niobium 45.6 46.3 4.8 38.5-55.2
Nb-1Zr 42.8 43.0 2.4 34.9-48.4
Elongeation (%)
Niobium 25.4 26.0 4.4 17.6-39.2
Nb-1Zr 27.2 27.4 2.5 20.1-34.5
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Figure 5: Box-plots comparing the distribution of tendle strength values (I&ft) and dongation

vaues (right) for annedled niobium and Nb-1Zr wire.
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Figure 6: Box-plots comparing the distribution of tensle strength vaues (left) and eongeation
vaues (right) for anneded niobium and Nb-1Zr wire.

Surprisngly, the detidtical results reveds that the addition of 1% zirconium does not dter the
ambient temperature ultimate tendle drength (UTS) of niobium wire. Comparative evauation
usng t-distribution andysds demondrated tha there is no datidicdly ggnificant difference in
means between the UTS of niobium and Nb-1Zr wire within a 0.95 confidence limit (P-vadue =
0.0080). Subsequent andysis on higoric tendle strength data of thin gauge niobium and Nb-
1Zr strip aso support thisfinding.

Discussion of Results

The observation that zirconium additions have a more prevdent effect on the mechanica
properties of niobium a eevated temperatures as opposed to ambient temperatures is founded
in crysd mechanics. Theflow stress (s) is comprised of two components:

s =S, +s, ()

where s; = thermd stress component;
Sa = a@hermd stress component.

The therma dress component accounts for the contribution of therma energy to overcoming
the short-range barriers to didocation motion. For body centered cubic (BCC) metas including
niobium, temperature-sendgtive barriers include the Peerls dress and Cottrdl  atmospheres
formed by mobile interditidg6]. Conversdy, the atherma dress component represents the
impact of long-range bariers to dip, such as expected from second-phase, zirconium-rich
dispersoids within the matrix. At room temperature, the tensle strength of niobium may
be influenced predominantly by the effect from interditids than by the addition of 1%
zirconium. However, a €devated temperatures where the contribution of the therma stress
component becomes inggnificant, the effect of zirconium on increesng the ahermd dress
component of niobium becomes apparent.

If zirconium saves as a <olid solution drengthener in niobium, a datigicaly sgnificant
difference in the room temperaiure tensle drength of the metd and dloy would have been
evident. In this scenario, the short-range dress fields in the matrix created by the subgtitutiona
zirconium atoms would impeded didocation motion and increase the work hardening rate.  This
would have acted to increase the ambient temperature ultimate tensile strength of the dloy.



The difference in eongation properties of niobium and Nb-1Zr wire may be due more to
physcd differences of the geometry of the test specimens than from the mechanica properties
of the materids. Elongation is an extringc materid property; and factors such as sample
dimengons directly effect measured dongation to falure vaues. Specificdly, the shorter the
gauge length, or the greater the cross sectiona area of the sample, the greater the contribution
of the localized necking region to the measured e ongation[7].

VA, ,

0

e =b

e )

u

Where & = dongetion at falure;
Ao = cross section of tensile test sample;
Lo = gauge length of tendle test sample;
e, = drain a ultimate stress.

Although the gauge length of the niobium and Nb-1Zr wire samples was congtant, the average
diameter differed between materids. The niobium wire diameter ranged from 0.25-0.040
inches, compared with Nb-1Zr wire which ranged from 0.15-0.30 inches in diameter. Thus, the
measured ductility of the Nb wire would be expected to be greater than tat measured for Nb-
17r wire, as seen in Fgure 5.  This hypothess is confirmed by comparing the measured
ductility of niobium and Nb-1Zr sheet shown in Figure 6. The average ductility of 0.010-0.015
inch gauge niobium sheet is measured to be lower than that measured from the heavier 0.010-
.025 inch gauge Nb-1Zr shest.

SUmmary

Niobium and Nb-1Zr are the materids of choice for High Pressure Sodium (HPS) Discharge
lamps since the materid characterigtics match service requirements.

The metal and the dloy exhibit high mdting points. There are no incipient melting issues.

The coefficent of thermd expandon (CTE) is dmilar to quatz and other ceramics
employed to contain the sodium vapor. The CTE of niobium and Nb-1Zr is about haf that
of nicke-base dloys.

The thermd conductivity of niobium and Nb-1Zr is about triple that of nickd-base dloys.

The metd and the dloy exhibit excelent resstance to sodium vgpor a lamp operaing
temperatures.

Niobium and Nb-1Zr mill forms are easly fabricated and assembled into lamp parts a room
temperature.

The addition of 1% zrconium does not have a ddidicdly dgnificant effect on the room
temperature drength of niobium wire or sheet.  However, Nb-1Zr offers improved high
temperature properties compared to commercidly pure niobium.  These observation supports
findings that zirconium acts as a digperdon drengthener in niobium.  Additiond information
pertaning to the test sample geometry is required in order to quantify the effect of zirconium on
the ductility of niobium.
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