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Determination of Gaseous Impurities in Zirconium and Zirconium Alloys
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Summary: Physical and mechanical properties of zirconium metal and its alloys such as
resistance to corrosion in hot water, transparency to thermal neutron show its suitability as
construction material in nuclear reactors as fuel cladding and pressure tube material in water
cooled nuclear reactors. Presence of gaseous impurities like hydrogen, nitrogen and oxygen
affect mechanical and corrosion resistance properties of zirconium metal and its alloys. For the
production control and metallurgical evaluation of such effects, accurate and precise
determination of these impurities is essential. Some selected samples of zirconium metal, its
alloys, sponge zirconium, and ingot have been analyzed for the estimation of hydrogen, oxygen
and nitrogen impurities in micro amount by melt extraction technique under argon and helium
carrier gas stream for hydrogen, oxygen and nitrogen respectively. All the systems were
completely optimized in different weight and temperature conditions and the accuracy of the
results obtained was statistically evaluated at 5% confidence level. Non-metallic impurities in
zirconium metal and alloy samples were found to be in the range of 16-56, 45-118 and 1008-

1826 ppm for hydrogen, nitrogen and oxygen respectively.

Introduction

Zirconium belongs to the subgroup of IVB of
the periodic table with its sister elements titanium
and hafnium. These react with nitrogen to form
nitrides. Zirconium forms very stable oxides.
Zirconium occurs in at least 37 different mineral
forms, but the predominant commercial source is the
mineral zircon i.e., zirconium orthosilicate. Other
current mineral sources are baddeleyite and eudialyte
[1]. Zirconium is hard, shiny, ductile metal similar to
stainless steel in appearance. It can be hot-worked to
form slab, rods and round from arc-melted ingot.
Further cold-working of zirconium with intermediate
annealing produces sheet, foil, bar wire, and tubing.
Gaseous impurities are commonly present in trace
amount in metal and alloys, occurring either as solid
solutions in the interstices of the metal lattice, as
oxide, hydride, and nitride inclusions, or in some
cases, as trapped molecular gases during the meta-
llurgical processes. Hydrogen impurity may induce
swelling and rupture of the cladding material whereas
nitrogen and oxygen may cause weld embrittlement
and decrease in machinability [2-3]. One of the most
critical problems in analytical chemistry of the metals
has been the quantitative measurement of the gaseous
impurities, i.e., hydrogen, oxygen, and nitrogen.
Emphasis of the tolerance level of these impurities in
many metallurgical materials are gaining tremendous
importance and also most essential for production
and quality control. Various physico-chemical and
radio-analytical techniques are available in the

literature for the determination of hydrogen, oxygen
and nitrogen impurities in metals, alloys and ceramic
materials i.e., chemical and spectroscopic methods
[4-6], gamma activation [7], neutron activation [8],
charge particle activation [9-11], spark source mass
spectrometry [12], impulse heating-thermal conducti-
vity [13], isotopic dilution method [14] and inert-gas
fusion extraction techniques [15-16]. The merits and
demerits of various analytical methods employed for
the determination of gaseous impurities in metals and
alloys have been reviewed by Li ef al. [17]. Due to
various promising properties of zirconium as
structural material for uranium oxide fuel pellets in
nuclear power reactor due to its ready availability and
good ductility and certain other applications such as
corrosion resistance in many fluids, good mechanical
and good fabrication qualities reducing agent for
refractory metals, the zirconium metal has great
commercial importance in many technical industries
but presence of hydrogen, oxygen and nitrogen
impurities adversely affects its physical, chemical
and mechanical properties. Therefore, exact measure-
ment of hydrogen, oxygen and nitrogen impurities is
very essential. Keeping in view the above facts,
present work has been made for finding out the
optimum analysis conditions of carrier gas melt
extraction technique and the evaluation of appro-
priateness and accuracy of micro amount (pg.g’
level) determination of hydrogen, oxygen and
nitrogen contents in samples of zirconium and
zirconium alloys. The statistical reliability of the melt
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extraction technique has also been ascertained for the
measurement of these gaseous impurities.

Results and Discussion

Zirconium is one of the essential metal in the
nuclear technology and the utilization of zirconium
metal is almost entirely for the cladding uranium fuel
elements for nuclear power plants. Some chemical-
processing industries have been using zirconium
metal and alloys for corrosion-resistance vessels and
piping for withstanding hydrochloric and sulphuric
acids. The effects of gaseous impurities on
mechanical and physico-chemical properties of
zirconium metal and alloys are gaining immense
interest over the past several years. To determine the
best conditions for estimation of hydrogen, nitrogen
and oxygen impurities using the melt extraction
technique, the procedure of analysis was first
optimized with the variation of weights and
temperature and other conditions. For this purpose,
different temperatures and weights of standard
zirconium metal specimens were employed. To
assess the accuracy of the result obtained, all the data
was statistically analyzed. All the results are given
with the relevant confidence intervals. The precision
(e) was expressed as a 95% confidence limits and
calculated using the following equation.

o)

where t (student’s t-factor), when a 95%
confidence is required and three replicates are
available and n = number of replicates (three here).
The standard deviations (o), percent deviation (Co-
efficient of Variation), skewness and kurtosis quoted
refer to three measurements [18]. The “Micro-origin
scientific” and “TC-plot statistical” packages for
personal computer were used for all statistical
calculations. The student’s t-test is used to compare
the mean from sample with some standard values.
The t-test and skewness values of the standard
samples emphasized the use of correct standard
concentration. The t-test values affirm the probability
that whether the obtained result was significant or
not. The probability of significance of the results
compared with the true figures for 5% tabulated
values (95% confidence ) are presented in Tables 1
and 2. Analytical reproducibility is characterized by
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Co-efficient of variation (relative standard deviation)
for a single measurement of 0.1225-.4040 for
hydrogen content of 1.9%. Since calculated t-values
were found to be greater than tabulated values at 5%
level of confidence in case of hydrogen and nitrogen
estimation and nearly non-significant effect was
observed in mean values of oxygen at 95% level of
confidence. Using the optimum conditions,
zirconium metal and alloy samples were analyzed for
the gaseous impurities. Except for a few isolated
samples, all of the data reported in Tables 1 and 2
represent the average of three determinations.

Zirconium and Zirconium Alloys

Various samples of zirconium and zirconium
alloys were analyzed for hydrogen and nitrogen
contents and their results were presented in Table 3.
The amount of hydrogen and nitrogen contents in
these samples were in the range of 16.9-56.7 and 45-
118 ppm respectively. The result data was found to
be statistically adjacent to the certified and literature
values. [19] Because of their position in the periodic
table of the elements, zirconium and titanium are in
general, similar in behavior towards dissolved gases,
and therefore offer similar problems in the analysis.
The principal gaseous impurities found in these
metals are oxygen, nitrogen and hydrogen. Like most
impurities in metals, these may have favorable or
unfavorable effects on the physical and mechanical
properties of the metals. Hydrogen is of great concern
mainly because in sufficient concentration, it causes
embrittlement. [20] This is true for two metals
(Zr,&Ti), but the susceptibility to embrittlement
varies considerably from alloy to alloy. Recently,
Chang et.al. [21] has studied the slow displacement-
rate tensile on Do6ac steel tempered specimens to
investigate the influence of gaseous hydrogen on the
notched tensile strength (NTS) and associated
fracture characteristics. He observed that smaller the
integranular and/or flat fracture regions, the greater
the resistance to hydrogen embrittlement of the
specimen would be expected. Zirconium reacts with
nitrogen to form nitride at elevated temperatures. In
general, nitrogen causes an increase in hardness and
strength. In the case of zirconium and titanium,
nitrogen has been found to be very detrimental to the
corrosion resistance of the metal. [22] Ashley [14]
measured hydrogen impurities in titanium and
zirconium alloys by isotope-dilution technique. The
precision and accuracy over a wide range of sample
size and hydrogen concentration were approximately
the same as obtainable by melt extraction method.
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Table: 3 Gaseous contents in zirconium and zirconium alloys.

Sr. # Sample Identification Hydrogen (ppm) Nitrogen (ppm) Oxygen (ppm)
1 Standard 25+1.8 65+2.8 1600 +25

2 French Zircaloy-4 18+0.5 51+2 1040 £12

3 ZRM-11 20+1.8 74 £2.8 1540 +42

4 ZRM-112 56 t1.4 109 £ 22 1826 £15

5 ZRM-13 19+2 102+3.2 1472 +21

6 ZRM-132 28+2 55 1.5 1695 +20

7 ZRM-14 24 +1 75+2.2 1767 9.3

8 ZRM-142 19+1.5 65 +2.0 1185 £13.6
9 ZRM-15 17 1.7 118 +£0.15 1408 £ 16.4
10 ZRM-152 25.78+3.6 451+2.4 1367 8.1
11 ZRA-18 18.21 +4.1 80+3.1 1235 £13.6
12 ZRA-19 26.5+2.2 118%1.5 1452+11.4
13 ZRA-20 40 +1.3 74 £2.8 1400 £12
14 ZRA-21 56 1.9 109+2.2 1526 £13
15 ZRA-22 22+23 72+04 1442 £12
16 ZRC-23 169+ 1.5 49 1+0.3 1095 8.5
17 ZRC-24 23 +0.5 55+1.1 1107 £5.3
18 ZRC-25 39+25 95 +1.9 1077 +8.3
19 ZRC-26 27 +1.6 105+1.3 1008 £ 154
20 ZRA-27 47.7+15 69 +0.2 1307 £3.3
21 ZRA-28 18.85+2.18 61 +0.33 1014 6.6
22 ZRA-29 2647+24 54+1.5 1220+2.4
23 ZRA-30 20.07+1.2 67+2.1 1115+5.4
24 ZRC-317 19.54 +2.32 53 +0.9 1067 2.3
25 ZRC-318 38.21+2.18 61 +2.1 1211 +4.6
26' ZRA-319 56.7+25 85+14 1308 £2.4
27 ZRA-319 3391+3.24 73%1.1 1279t 1.4
27 ZRA-320 26.7+1.18 68+ 15 1308 +3.8
29 ZRC-331 20+1.8 74 2.6 1260 +4.2
30 ZRC-332 42 £1.23 71+£1.8 1119 2.9

Triplicate analysis

Certified values of French Zircaloy-4:

H; : 9.0 ppm, N; :56.00 ppm and O;: 1260.0 ppm
ZRM = Zirconium metal

ZRA = Zirconium Alloy

ZRC = Zircaloy

Table 3 also portray the result of oxygen
impurity content in different samples of zirconium
metal, zirconium alloys. The oxygen impurity were
found to be in the range of 1008-1826 ppm. Oxygen
has a very pronounced strengthening effect on these
metals (Zr and Ti) and also increases the hardness.
Low oxygen concentrations may be helpful in
strengthening the metal, while high concentrations
may be harmful with regard to ductility. Oxygen
reacts very rapidly with zirconium and titanium
metals at elevated temperatures and therefore creates
a problem in welding and rolling operations
involving exposure of the metal to the air. In general,
oxygen and nitrogen have a substantial strengthening
effect. However, they cause weld embrittlement and
decrease in machinability. Their detrimental effects
are magnified by the presence of hydrogen.

. .’-I‘able 4 revealed the results of gaseous
impurities i.e., hydrogen, nitrogen and oxygen

contents in different samples of zirconium metal,
sponge and ingot. Zirconium metal in the form of
sponge or electrolyte powder is not suitable for direct
fabrication into massive shape without consolidation
by melting or powder—metallurgy techniques. Sponge
is a form of metal characterized by a porous
condition that is the result of decomposition or
reduction of compound without fusion. Essentially all
zirconium is reduced from the chloride or iodide by
magnesium at 900 °C. Zirconium sponge is a highly
pyrophoric material at standard temperature and
pressure (STP). Physically it has irregular geometric
shape but pure metallic form of non-melted product
of ZrCly. Zirconium ingot is a solid material
comprising of regular geometric shape after the
melting of sponge at 1852 °C. Ingot is more dense
and non-pyrophoric material. Table 4 indicates
considerable higher oxygen content and the slight
higher nitrogen content of sponge as,compared to
zirconium metal and ingot. The oxygen and nitrogen
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I able: 4 Gaseous impurities in zirconium sponge ingot and melt.

Sr. # Sample Identification Hydrogen Nitrogen Oxygen
(ppm) (ppm) (ppm)
1 ZRSP-10 69+1.8 65+23 1380 +11
2 ZRSP-11 64125 79+2 1317 43
3 ZRSP-12 56 3.8 89 +2.8 1431 £12
4 ZRSP-13 59 3.0 73+22 1397 +15
5 ZRSP-14 50+2 82+1.2 1308 +13
6 ZRSP-15 54+27 94 +3.5 1283 £15
7 ZRSP-16 67 £1.3 75 +2.2 131343
8 ZRSM-A 47+45 61 £2.0 1305 +5
9 ZRSM-B 53 +1.1 78 +4.1 1237+ 16
10 ZRSM-C 48+ 3.6 69+2.4 1159 +8
11 ZRSM-D 45+ 1.5 80+3.1 1205 +13
12 ZRSM-E 66122 74+ 1.5 1288 + 11
13 ZRSM-F 48 +1.3 91 +2.8 1142 £12
14 ZRI-111 24419 53+32 113249
15 ZRI1-222 26+23 S1+1.4 848 +7
16 ZRI-333 1715 49+1.3 756 +8
17 ZR1-444 19+0.5 55+1.1 860 £5
18 ZRI-555 29+25 53+1.9 980 +4
19 ZR1-666 27414 59+1.3 898+ 13
20 ZRM-777 25+19 49 +32 969 £15

Triplicate analysis

ZRSP = Zirconium Sponge
ZRSM = Zirconium Sponge melt
ZRI = Zirconium Ingot

ZRM = Zirconium metal

impurities were found to be in the range of 1283-
1431, 61-94 ppm. In sponge materials respectively. It
has been shown in literature [22] that the major
difference between iodide- and sponge based alloys
is the lower oxygen and nitrogen content of the
former; also the range in impurity content in the
former is less than in the later.

Experimental

Zirconium metal, alloys, sponge and ingot
samples were obtained from the Alloy Development
Group, PINSTECH. Strohlein H-mat 251, Dinimat-
450 and O-mat 350 were used for determination of
hydrogen, nitrogen and oxygen respectively as shown
in Figures 1 and 2. Different sampling techniques
were used in accordance with the ASTM
specifications for different categories of samples of
zirconium metal and alloys. [24] Uniform chips
sample in ~ 1.18 mm dimensions were made free of
grease, dirt and dust. Standard samples of zirconium
metal and zircaloy-4 were analyzed for the
calibration of these instruments, to ascertain the
precision and accuracy of specific method and also
for statistical analysis.

Some experiments were performed to modify
the existing melt extraction method for determination

of gaseous impurities in zirconium and zirconium
alloys. Protective coating elements like nickel was
used as facilitator for evolving of nitrogen and
oxygen in carrier gas melt extraction .

Procedure for Hydrogen and Nitrogen

The experimental approach used in this study
was based on the standard ASTM specification,
single sample per crucible technique for the
quantitative determination of gaseous impurities in
metal and alloy solid samples [25]. Before analyses,
all samples were degreased with trichloroethylene,
pickled for few minutes in 1:1 hydrochloric acid,
washed with water, then with acetone and finally
dried. All the graphite crucibles were also degassed.
Approximately 0.5 gm sample chips were placed in
graphite crucible and melted in impulse furnace at
specified temperature higher than melting point.
Hydrogen, nitrogen and carbon monoxide, which
were liberated from the sample, were pumped into a
gas reservoir for subsequent separation and
measurement. Hydrogen or nitrogen was determined
by the difference of thermal conductivity of hydrogen
or nitrogen and carrier gas (argon for hydrogen and
high purity helium for nitrogen) through the
MICTOProcessor.
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7 regulating valve |5 flow meter for
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Fig. 1: Block diagram of instrument for hydrogen and nitrogen analysis.

Procedure for Oxygen

In case of oxygen analysis, hydrogen, nitrogen
and oxygen gases along with carrier gas (argon) were
pumped where carbon monoxide absorbs infrared
radiation because of its molecular. structure. The
resulting change in the output signal of the infrared
detector provides a unique measure of the quantity of
oxygen (as carbon monoxide) contents of sample.

Conclusions

Melt extraction and inert-gas fusion technique
possesses several advantages over vacuum fusion.
Analysis by melt extraction or inert-gas fusion is
faster and in general less expensive than vacuum
fusion. Also, because the inert carrier gas suppresses
the rate of vaporization of metals that may act as
getters for oxygen. This method can be applied to
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| carrier gas (argon)
2reducing valve
3 solenoid valve
4 NaOH trap
5 Mg(ClO4)2 trap
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7 requlating valve

8 stab lising chamber
9 sampie port
IO impulse furnace
Il dust trap
2 CO IR detector

0|9
<1} " 10
8 I
o 4
4
12
R IR

I3 pump
14 solenoid valve
15 solenoid valve

Fig. 2: Block diagram of instrument for oxygen analysis

samples that can not be analyzed by vacuum fusion.
Carrier gas melt extraction method is suitable for
successful analysis of zirconium and its alloys on
routine basis as well as for end product.

Zirconium is rare transition metal. Pure metal
is soft, ductile and weak, however its strength can be
greatly improved by alloying. It is used in alloys,
abrasive and flame proofing compounds. Zirconium
of the highest purity is obtained by refining sponge.
The zirconium produced, called “crystal-bar”
zirconium, is low in all impurities especially in
nonmetallic ones. Zirconium material containing as
little as 50 ppm of nitrogen is noticeably less
corrosion resistance in water at 600 °F than material
containing 10 to 20 ppm nitrogen. Zirconium and its
alloys react readily with hydrogen, oxygen and
nitrogen at elevated temperatures. The annealing of
fabricated shapes in commercial facilities often
causes large pickup of these containments. The
corrosion resistance of zircaloy-2,or -4 is adversely

affected by increased nitrogen content and the
fabricationability is adversely affected by increased
oxygen, nitrogen, or hydrogen content. Therefore, the
exposure of zirconium to furnace atmospheres should
be minimized.
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