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Introduction 

Many investigations of niobium and niobium alloys have been conducted 
with the aim to control and improve the physical properties of the material 
and to achieve a better understanding of its physical metallurgy. 
metallographic studies are frequently a vital part of these investigations, 
techniques for the preparation of metallographic specimens must be available, 
and through the years the development of these techniques has been the 
subject of study of many metallographers. 

Since 

A standard metallographic technique has not been universally accepted 
for niobium and niobium alloys, rather each metallographer appears to have 
developed a specific technique which "works" well for him. 
of reported techniques appear to have sufficed for most of the routine and 
specialized metallographic studies that are made on niobium and niobium 
alloys, whether utilizing optical microscopy, scanning electron microscopy or 
transmission electron microscopy. 

The combination 

The purpose of the present paper is to review some of the various 
techniques that have been used for the metallographic preparation of niobium 
and to describe these techniques in a form convenient for workers in the 
field. It is recognized that the preparation of metallographic specimens is 
still very much in the realm of arts and crafts, and each metallographer 
often finds that his individual skills enable him to achieve the most satis- 
factory results with a particular technique, whereas another metallographer 
may achieve equally satisfactory results with a different technique. There- 
fore, no attempt will be made to recommend the use of specific techniques in 
this paper. 

Techniques for preparing specimens of niobium and niobium alloys for 
examination by transmission electron microscopy are included with the tech- 
niques for optical metallography because many important contributions to 
understanding the physical metallurgy of niobium and niobium alloys have been 
made through the use of transmission electron microscopy. Furthermore, past 
work has shown that transmission electron microscopy in conjunction with 
optical and scanning electron microscopy is almost essential when accurate 
and complete interpretations of the structural features of niobium and 
niobium alloys are required. 
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Since most of the preparation techniques that have been developed for 
optical microscopy normally are amenable to examinations utilizing scanning 
microscopy (SEM) , a separate discussion on SEM metallographic techniques is 
not included. 

Since standard metallographic sectioning and mounting procedures are 
normally satisfactory for niobium and niobium alloys, and these are ade- 
quately described in several references and texts familiar to metallographers, 
sectioning and mounting procedures will not be described in this paper. 

The paper is divided into the following topics: 

( 1 )  Preparation of Specimens for Optical Metallography 

a. Grinding 
b. Polishing -- Mechanical, Vibratory, Electrolytic. Chemical 
C. Macroetching 
d. Microetching -- Chemical, Electrolytic, Cathodic Vacuum 
e. Anodic Stain Etching 

(2) Preparation of Specimens for Transmission Electron Microscopy 

a. Preparation of Specimens from Bulk Material 
b. Final Thinning Methods -- Electrolytic, Jet Thinning, Ion 

Beam. 

It i6 the author's belief that this paper represents the first attempt 
to document the various preparation techniques for metallographic evaluation 
of niobium and niobium alloys. As such, no doubt many techniques have been 
omitted that perhaps have certain advantages over those described. The 
author encourages metallographers to make known these techniques so they will 
be available for consideration to metallographers involved with niobium and 
niobium alloys. 

Preparation of Specimens for Optical Microscopy 

Grinding 

Grinding of niobium and niobium alloy specimens for metallographic 
examination can be done using almost any of the numerous conventional metal- 
lographic grinding methods. No special precautions are necessary. 

One technique, however, has been described and recommended specifically 
for niobium (1). This technique involves two steps: 

(1) Coarse grinding on wet 180-grit Sic belts 

(2)  Fine grinding on 240-, 400-, and 600-grit wet-or-dry Sic metallo- 
graphic disks. 

The coarse grinding step is to obtain a plane surface and to remove the 
effects of sectioning. Wet grinding keeps the specimen cool and flushes the 
belt of loose metal and abrasive particles. Fine grinding is necessary to 
eliminate any cold-working effects of the coarse grinding and to produce a 
smoother surface preparatory to polishing. The fine grinding disks are 
dressed with a stick wax to keep the embedding of abrasive particles in the 
ground surface to a minimum and for cooling and lubricating. Water also may 
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be used for cooling and lubricating purposes. The direction of grinding is 
changed 90 degrees between the use of each grit size to insure the complete 
elimination of the previous grinding scratches. 
the grinding on the 600-grit disks two or three times before proceeding to 
polish. 

It is usually best to repeat 

Polishing 

Several different p.olishing procedures have been reported for the 
metallographic preparation of niobium and niobium alloys. 
are essentially based on four techniques: (1) conventional mechanical 
polishing, (2) vibratory polishing, ( 3 )  chemical polishing, and ( 4 )  electro- 
lytic polishiing. These techniques overlay somewhat, especially since 
conventional mechanical polishing usually is required before either chemical 
or electrolytic polishing. However, the four techniques are discussed 
individually below. 

These procedures 

Conventional Mechanical Polishing. Polishing of niobium specimens 
requires great care and much longer times than would be expected from the 
hardness of the metal. One particular problem is that commercial grades of 
niobium frequently contain hard particles, e.g. carbides, which can cause 
excessive relief during polishing. 

A number of mechanical polishing procedures have been reported for use 
with niobium and niobium alloys. 
First, rough polishing is done on a dressed wax wheel using a 15-m levigated 
alumina as an abrasive. This is followed by intermediate polishing on a 
microcloth-covered wheel using a l-pm alumina abrasive. Final polishing is 
also done on a microcloth-covered wheel, but 0.3-10 alumina is used as the 
abrasive. 

One method (2) utilizes three steps. 

Another method ( 3 )  that has been described as being successful involves 
two steps. 
polishing wheel covered with a low-nap cloth. The abrasive is a slurry made 
of 15g fine alumina, 35 cc H 0, and 5 cc 20 percent chromic acid. Medium to 

heavy pressure is exerted upon the specimen while, with an eyedropper, the 
cloth is charged periodically with the aluminachromic acid slurry. Polishing 
in this manner is continued until the grinding scratches and any embedded 
abrasive particles are removed. Alternate etching and polishing (etch- 
polishing) may be done at, this time to aid in the removal of any disturbed 
layer at the surface of the specimen. The etchant recommended is 50 cc 
lactic acid, 30 cc HNO 
cotton ball. 

Rough polishing is done on a high-speed (1750 rpm), four-inch 

2 

and 2 ccHF* which is best applied by swabbing with a 3 

Final polishing is accomplished using the same slurry as described above 
on a slow speed (250-500 rpm), 8-inch polishing wheel covered with a low-nap 
cloth. 
an eye-dropper with the alumina-water slurry. As the polishing progresses 
the pressure and wheel speed are continually reduced until near the end, a 
very light pressure and the slowest wheel speed are used. 

Medium pressure is used and the cloth is charged periodically using 

* Hydrofluoric acid is frequently an ingredient of etchants or polishing 
solutions used for niobium and niobium alloys. It is very dangerous in that 
it can cause severe burns if it contacts skin. Therefore, extreme care must 
be used in using it. 
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A similar two-step polishing method has been described by Dillinger (4). 
Initial polishing is accomplished using a slurry of 0.5-m alpha alumina and 
water, to which 2 or 3 ml of 10 percent chromic acid is added. A fast wheel 
(1450 rpm) covered with a napless cloth, such as a "lintless cloth" or nylon, 
is used. In lieu of chromic acid, a few drops of 10 percent oxalic acid can 
be added to the polishing wheel. Dillinger reports satisfactory final 
polishing results can be obtained in several ways: 
alumina on a napless cloth with a fast-speed wheel to which small additions 
of 10 percent oxalic acid have been made, or (2) using 0.0511m gamma alumina 
in water on a microcloth-covered fast wheel. 

( 1 )  using 0.05vm gamma 

For niobium-titanium alloys, Dillinger reports that a slurry consisting 
of ferric oxide in 10 percent chromic acid seems to be preferable, both for 
intermediate and final polishing. 

Finally, polishing techniques utilizing diamond abrasive have been 
described by Nelson (5) and Petzow (6). Nelson's technique consists of two 
steps. 
Kerosene is used as a lubricant. Polishing is carried out only long enough 
to remove the scratches and damaged layers from the grinding step. Over- 
polishing on this step is reported to cause relief effects which will be made 
worse by the finishing step. Final polishing is done on microcloth using an 
alumina-chromic acid slurry. A s  polishing proceeds the slurry is flushed 
from the polishing wheel. 

Intermediate polishing uses 6-m diamond abrasive on a duck cloth. 

Nelson points out that when an acidified slurry on a bronze polishing 

This can be prevented by using a stainless steel wheel or by 
wheel is used for polishing, copper from the wheel may be deposited onto the 
specimen. 
protecting the surface of the wheel with a thin plastic film placed under the 
cloth. 

Petzow's polishing technique involves the use of diamond paste on a 
polishing wheel with a hardwood cover. He reports that for most materials 
attack-polishing with 900 ml H SO and 10 ml HF (electrolytic) is of advan- 
tage . 2 4  

ing 
and 

Vibratory Polishing. Kallfass and Horz (7) investigated several polish- 
procedures for niobium specimens doped with nitrogen, oxygen, or carbon 
concluded that vibratory polishing produced the best results. They used 

10 to 20 hour polishing times with fine alumina abrasive on a microcloth. 
With very low contents of nitrogen, oxygen, or carbon even longer times were 
required. 

Electrolytic Polishing. A number of electrolytic polishing methods have 
been described for niobium and niobium alloys. 
out using a number of conventional electropolishing devices. One such device 
which is known to work particularly well is shown schematically in Fig. 1. 
In this device the electrolyte is pumped over the surface of the specimen 
which tends to produce uniform polishing. 

These methods can be carried 

Numerous electropolishing solutions have been reported for use on 
niobium and niobium alloys. Several of these are listed in Table I. 

Chemical Polishing. Chemical polishing has been reported as a useful 
method for preparing metallographic specimens of niobium and niobium alloys. 
In using this method a finely ground or rough mechanically polished specimen 
is prepared and then simply immersed in the chosen chemical solution. This 
chemical solution attacks the surface, thereby removing the grinding and 
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Drain 

Figure 1. Schematic diagram of commercially available 
electropolishing device(s). 
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Table I. E lec t ropo l i sh ing  techniques  f o r  niobium and niobium a l l o y s .  

Composition Technique Remarks 

1 ml Perch lo r i c  Acid -76 C. Cathode- Stainless S t e e l .  Use dry i ce / ace tone  
99 m l  Methanol Determine vo l t age /cu r ren t  dens i ty  coo l ing  bath. Rinsc 

curve f o r  each material. Allow specimen i n  e thano l  
specimen t o  cool i n  the  e l e c t r o-  then a i r  dry ( 9 ) .  
l y t e  before  pol ishing.  Remove 
specimen from e l e c t r o l y t e  with 
c u r r e n t  on. 

90 ml H SO4 100-200 Malcm'. 12-2OV. 35-45 C. Mix slowly i n  
10 m l  HJ 5-10 minutes. Cathode-graphite chemical hood (10) .  

o r  platinum. 

2 5 m l H S O  4.5- 5.4 A / c m  . Medium f a s t  flow 50-60V, 10-20 s e c  

9 3  ml Methanol 
1.25 m? €I$ rate. <20 C. (11). 

po l i sh ing  sc ra t ches  and the  d i s tu rbed  su r face  l aye r .  An a l t e r n a t i v e  t o  
immersion is t o  use a co t ton  swab t o  rub the  s o l u t i o n  on t h e  surface .  I n  
gene ra l ,  i t  has been found t h a t  swabbing provides b e t t e r  r e s u l t s  on niobium 
specimens because e t c h i n g  is avoided and more uniform po l i sh ing  occurs.  

One chemical p o l i s h  t h a t  has  been used success fu l ly  f o r  niobium speci-  
mens has been descr ibed by T i t t e r i n g t o n  and Simpson (12) and c o n s i s t s  of: 

200 m l  H2S04 

200 m l  HN03 

100 m l  HF 

They repor t  t h e  rate of a t t a c k  can be regula ted by the  temperature of 
t he  s o l u t i o n ,  with a "warm"  s o l u t i o n  providing the  bes t  r e s u l t s .  

Another chemical p o l i s h ,  r epor t ed  by Buchheit ,  Brady, and Wheeler, ( 1 )  
c o n s i s t s  of :  

50 cc lactic ac id  
30 cc HN03 

2 cc HF 

This s o l u t i o n  is  app l i ed  by swabbing the  su r face  of t h e  specimen f o r  one 
minute or  more wi th  a co t ton  b a l l  soaked wi th  the  po l i sh ing  s o l u t i o n .  This  
s o l u t i o n  a l s o  has been used e f f e c t i v e l y  f o r  e tch- pol ishing,  i.e. a l t e r n a t e  
chemical and mechanical pol ishing.  

Macroetching 

Macroetching involves  the  development of the  s t r u c t u r e  of a specimen f o r  
viewing with the  unaided eye,  o r  under l ens  magnif ica t ion up t o  35X (50X i n  
Europe). A method repor ted  ( 1 3 )  f o r  doing t h i s  on niobium and niobium a l l o y s  
involves g r ind ing  t h e  specimen t o  600 g r i t  on s i l i c o n  ca rb ide  a b r a s i v e  papers 
followed by immersion i n  a s o l u t i o n  c o n s i s t i n g  of :  

30 ml H C 1  
15 m l  HN03 
30 m l  HF 

Etching is repor t ed  t o  r equ i re  s e v e r a l  (10-20) minutes. 
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Mlcroe tch ing  

A number of sa t i s fac tory  and reproducible etching procedures have been 
developed t o  reveal the microstructure of niobium and niobium al loys fo r  
microscopic examination. In general,  these procedures f a l l  i n t o  three 
categories;  chemical etching, e l e c t r o l y t i c  etching, and cathodic vacuum 
e tching . 

Chemical Etching. Chemical etching of niobium and niobium al loy metal- 
lographic specimens can be performed e i t h e r  by immersion or by swabbing, 
however, best r e s u l t s  a re  generally obtained by swabbing. Table I1 l is ts  
several  chemical e tchants  which reportedly have yielded sa t i s fac tory  resu l t s .  
I n  general the etchants consist of mixtures of various acids ,  most containing 
hydrofluoric acid. 
demonstrates the d i f f i c u l t i e s  tha t  are encountered i n  es tab l i sh ing  standard 
metallographic techniques fo r  a given material.  This indicates  what could be 
a universal law for  metallographers: 
and i f  i t  still  doesn't work, change something else", on ad infinitum. (8) 

The many variat ions i n  etchants  f o r  niobium vividly 

"If i t  doesn't  work, change something, 

Table 11. Chemical Microetches f o r  Niobium and Niobium A l l o y s  

Etchant Remarks Reference 

30cc l a c t i c  acid Swab with cotton about f i v e  seconds and (1) 
l0cc HNo3 inspect fo r  degree of etching. Repeat f o r  
l0cc HF in te rva l s  of f ive  seconds each i f  heavier 

e tching is desired. The pressure of swab- 
bing a f fec t s  the degree of etching. The 
HF is the at tacking ingredient and may be 
varied accordingly t o  give more or less 
etching. Rinse i n  water, then alcohol, and 
dry i n  a i r .  

6g FeC13 

30 ml H C 1  
120 m l  H20 

16 ml HF 

30 m l  H20 

30 m l  HN03 
30 m l  HC1 
15 m l  HF 

Use a t  20 C. Etching time about 

two minutes 

Use at 20 C 

50 m l  l a c t i c  acid Etch by swabbing 
30 ml HN03 
20 m l  HF 

20 ml HNo3 
60 m l  HF 

50 m l  H20 

50 ml HN03 
50 m l  HF 

Etch approximately 10 seconds 

Requires seconds to  minutes 

(15) 

(4) 
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Table 11. Chemical Microetches for Niobium and Niobium Alloys ... Continued 
Etchant 

10 ml HF 

30 ml lactic acid 

10 m l  HNo3 

10 m l  glycerol 
10 m l  HF 
10 ml HNo3 

10 ml HNo3 

50 ml H20 

20 ml HF 

15 ml H2S04 

90 m l  HF 
5 ml H20 
5 ml HNo3 

30 ml HF 
15 ml HN03 
30 ml HC1 

10 m l  HF 
10 m l  HNo3 

20 ml glycerin 

5 ml HF 
20 ml HNo3 

50 ml acetic acid 

50 m l  HN03 

30g ammonium 
bifluoride 

20 ml H20 

HF 
Ammonium fluoride 

30 ml H2S04 
30 ml HT 
3-5 drops H202 (30%) 
30 ml H20 

36 ml HN03 

10 ml C3H803 
4 d H F  

Reference Remarks 

15-20 seconds. Etchant must be 
made fresh each time 

Requires up to five minutes 

Requires seconds to minutes ( 6 )  

Reveals general microstructure 

Swab 3-10 seconds or immerse two 
minutes 

Swab 5-15 seconds 

Swab 10-30 seconds 

Swab 3-10 seconds 

Various mixed solutions can be 
used for etching 

-- 

For Nb-N, Nb-0, Nb-C alloys. Etching 
times of 0 . 5  to 3 minutes. Following 
etching, specimen must be neutralized 
in 25 percent NaOH solution and washed 
with hot water 
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E l e c t r o l y t i c  Etching.  E l e c t r o l y t i c  e t ch ing  a l s o  has been used success-  
f u l l y  f o r  niobium and niobium a l l o y s  and two such e t chan t s  are l i s t e d  i n  
Table 111. These e t c h a n t s  can be app l i ed  us ing a simple e l e c t r o l y t i c  cell  
t h a t  can be cons t ruc ted  e a s i l y  us ing a v a r i a b l e  d.c. power source  o r  bat- 
teries,  or  us ing any one of a number of commercial e l e c t r o l y t i c  e t ch ing  
devices.  

Schluter ,  Honecker, and Elssner  (21) have appl ied  the  technique of 
p o t e n t i o s t a t i c  e t ch ing  to  r e v e a l  c e r t a i n  mic ros t ruc tu ra l  f e a t u r e s  of niobium 
and niobium a l loys .  This  is an advanced form of e t ch ing  which is repor ted  t o  
produce the  u l t i m a t e  e t ch ing  c o n t r a s t  through highly  c o n t r o l l e d  condi t ions .  
The p o t e n t i a l  of t he  specimen, which usua l ly  changes with changes i n  e l ec t ro-  
l y t e  concentra t ion,  i s  maintained a t  a f ixed  l e v e l  through t h e  use of a 
p o t e n t i o s t a t  and s u i t a b l e  r e fe rence  s tandards .  In t h i s  way, pronounced 
con t ra s t  u sua l ly  can be obtained. 

The authors  a l s o  i n v e s t i g a t e d  the  e f f e c t  of e l e c t r o l y t e  flow rate on the  
e t ch ing  behavior of niobium and showed t h a t  t he  cu r ren t  d e n s i t y  vo l t age  curve 
e x h i b i t s  a good p la t eau  region a t  low flow rates ( 5  cm/sec),  whereas at 
higher  flow rates (30 cm/sec) t h e  curve almost fo l lows Ohm's l aw .  

Table 111. E l e c t r o l y t i c  Microetches f o r  Niobium and Niobium Alloys  

Etchant Remarks Reference 

2 90 ml H2S04 60 Ma/cm . Time about 1-2 
minutes. Use a carbon o r  
platinum cathode. Use a t  
room temperature.  Mix ac ids  
s lowly i n  a chemical hood. 

65 ml H20 

17  ml HN03 
17 ml HF 

12-30 V dc. Use a platinum 

cathode 

E l e c t r o l y t e  flow of 5cm/sec (21) 

Cathodic Vacuum Etching. Armstrong, et a l ,  (22)  have desc r ibed  a 
cathodic  vacuum e t c h i n g  method which has been used s u c c e s s f u l l y  f o r  niobium 
and niobium a l l o y s .  Although not widely used, ca thod ic  vacuum e tch ing ,  a l s o  
r e fe r r ed  t o  as ion e t ch ing ,  can be an e f f e c t i v e  method f o r  d e l i n e a t i n g  t h e  
s t r u c t u r e  of specimens. Etching takes  p lace  by the  s e l e c t i v e  removal of 
atoms from the  su r face  of t he  specimen by p o s i t i v e  ion  bombardment i n  a glow 
discharge environment. The atoms are removed a t  var ious  rates, depending on 
the  mic ros t ruc tu ra l  d e t a i l s  such as c r y s t a l  o r i e n t a t i o n  of the i n d i v i d u a l  
g ra ins ,  g ra in  boundaries,  etc. The glow discharge  is i n i t i a t e d  by applying a 
high D.C. vo l t age  between the  water- cooled specimen suppor t  and the  anode i n  
a p a r t i a l  vacuum, as shown i n  Fig.  2. 

To e t c h  a specimen by this method it  must be broken out  of i t s  mount and 
placed on the  specimen suppor t .  
pressure ,  followed by the  i n t r o d u c t i o n  of an  i n e r t  gas ,  argon, by means of a 
control led  leak. The high vo l t age  is  app l i ed  t o  the  e l e c t r o d e s  and, a f t e r  a 
shor t  induct ion pe r iod ,  e t c h i n g  commences. 

The system is  evacuated t o  about 1 Q m  
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- PYREX 
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CONTROLLEO BY 
NEEDLE VALfi 

Figure 2. Schematic of a cathodic vacuum etching device. 
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For e t ch ing  
s u c c e s s f u l  (22). 

niobium, the  fo l lowing cond i t ions  have been found t o  be 

Ion iz ing  gas: argon 
Pressure :  30% m 
Voltage : 4.5 Kv 
Current : 0.5-0.8 Ma/cm 
Induct ion t i m e :  3 minutes 
Etching t i m e :  10 minutes 
Magnetic f i e l d :  100 oe r s t eds  

2 

Anodic S t a i n  Etching. An anodic s t a i n  e t ch ing  method has been desc r ibed  
by Croltse ( 2 4 )  f o r  the  i d e n t i f i c a t i o n  of var ious  ca rb ide ,  n i t r i d e ,  and oxide 
phases i n  niobium and niobium a l loys .  
t h a t  an anodic oxide f i l m  formed on niobium produces i n t e r f e r e n c e  co lo r s .  
The co lo r s  produced are c h a r a c t e r i s t i c  of t he  anodic oxide th icknesses  which, 
i n  tu rn ,  depend upon the  compositions of t he  under lying phases. 

The method is based on t he  p r i n c i p l e  

The anodic f i lms  a r e  produced on a pol ished meta l lographic  specimen i n  
an  e l e c t r o l y t i c  ce l l  us ing a set-up of t h e  type shown i n  Fig.  3.  To produce 
anodic f i l m s  on niobium and niobium a l l o y s ,  Crouse used a complex e l e c t r o l y t e  
c o n s i s t i n g  mainly of organic  ac ids  i n  a lcohol .  
t h e  e l e c t r o l y t e  was: 

The s p e c i f i c  composition of 

This e l e c t r o l y t e  produced 

5 g o x a l i c  a c i d  
5 g c i t r i c  a c i d  
5 m l  orthophosphoric ac id  
35 m l  d i s t i l l e d  water 
60 m l  e t h y l  a l coho l  

s a t i s f a c t o r v  r e s u l t s  at  room temuerature wi th  
a s t a i n l e s s  steel cathode and an open c i r c u i t  p o t e n t i a l  of 19V. 

Resu l t s  of anodic s t a i n  e t ch ing  are shown i n  Figs.  4 ,  5 ,  and 6 f o r  
niobium ca rb ides ,  niobium n i t r i d e s ,  and niobium oxides ,  r e spec t ive ly .  

According t o  Crouse, t he  i d e n t i f y i n g  c o l o r s  f o r  var ious  phases i n  
niobium a f t e r  anodizing are as l i s t e d  i n  Table I V .  

Table I V .  Colors of Various Nb-N, Nb-C and Nb-0 Phases 
When Anodic S t a i n  Etched (24) 

Nb 
Nb2N 

NbN 
Nb2C 

NbC 
NbO 
Nb02 

Pale  Aqua Blue 
Cherry Rose 

Bu t t e r  Yellow 
Peach 

Light  Maize 
Light  Turquoise Green 
Light  Beige 

Light Tan Nb205 

D i l l i n g e r  ( 4 )  has repor ted  t h a t  somewhat similar r e s u l t s  can be achieved 
by e l e c t r o l y t i c  e t ch ing  of niobium-carbon a l l o y s  i n  a s o l u t i o n  of 10 percent  
o x a l i c  ac id .  Etching is c a r r i e d  out  f o r  t en  t o  twenty seconds us ing 10 
v o l t s .  He r e p o r t s  t h a t  Nb2C is  s t a i n e d  canary yellow and the  niobium mat r ix  
a blue. 
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Figure  3. A t y p i c a l  e l e c t r o l y t i c  pol ishing and e tch ing  
s e t u p  used f o r  anodic s t a i n  e tching of niobium 
specimens. E l e c t r i c a l  contact  is made through 
t h e  back of the  specimen (24). 

40pm , 

Figure  4. Anodic s t a i n  etched Nb-1% Z r  specimen he ld  i n  
hydrogen plus  benzene at 1200 C f o r  65 hours. 
The Nb2C p r e c i p i t a t e  and massive phase is  s t a ined  
peach. The NbC sur face  l aye r  is l i g h t  maize. 
The base metal is  pale  aqua blue (24).  
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Preparation of Niobium Specimens for 
Transmission Electron Microscopy 

The preparation of samples for transmission electron microscopy (TEM) 
usually involves two major steps; preparation of specimens from bulk material 
and final thinning. Methods that have been used successfully for accomplish- 
ing these steps for niobium and niobium alloys are described below. 

Preparation of Specimens from Bulk Material 

Niobium, particularly in its pure state, is soft and ductile and there- 
fore small specimens can experience a large amount of cold work (microstruc- 
tural damage) if not handled properly. This is particularly important in the 
initial preparation of niobium specimens for T.E.M. from bulk material. 

Usually samples for T.E.M. are obtained from either thin sheet material 
or from bulk material, e.g., rods or tensile specimens. Perhaps the simplest 
and quickest method for obtaining a small specimen from either form is by 
mechanical sectioning using a saw or cut-off wheel. However, since the depth 
of surface damage that can occur in a niobium specimen by such a method can 
be quite severe (easily extending greater than 2007~1~ below the surface) it 
i s  important to avoid cutting too thin a specimen. Since all the damaged 
surface layer must be removed in subsequent preparation steps, "gentle" 
sectioning techniques must be employed. For instance, it has been shown that 
sectioning using a jeweler's saw produces about five times less damage than 
that resulting from a conventional cut-off wheel (25). Even less damage has 
been shown to occur using a "string saw", utilizing an acid with or without 
an abrasive. One such saw is shown in Fig. 7. Several variations of this 
type of saw have been described (26-31). 

For niobium and niobium alloys the following solutions have been used 
with a string saw: 

Solution Comments 

30% HF, 70% HN03 - 
34% H3P04, 33 HF, 33 HN03 Additional H3P04 can be 

added to slow down the 
cutting rate 

To either of these solutions can be added an abrasive, such as alumina, 
to speed up the sectioning process. 

Once a conveniently-sized specimen has been produced it is usually 
necessary to remove the surface damage. This can be accomplished rather 
rapidly on niobium and niobium alloys using either an electro-polishing 
method or a chemical polishing method. Although both can effectively produce 
a strain-free surface, chemical polishing is usually used since it is more 
rapid. This can be done by simple immersion or by swabbing. Another method, 
called chemical planning or chemical jet machining (Fig. 8 ) ,  has been found 
to be particularly effective because flat, parallel surfaces, which are 
desirable for final thinning, can be produced. 

Chemical polishing solutions that have been used for niobium are listed 
in Table V. 
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Figure 7. Schematic of a "string saw" used for cutting 
specimens for T.E.M. A: Acid baths, S: Speci- 
men, T: Tensioning Wheel, W: Wash bath (25). 

Table V. Chemical Polishing Solutions for Niobium 
and Niobium Alloys 

Solution Reference 

30% HF, 70% HN03 (33) 

34% H3P04, 33% HF, 33% HN03 

12% HN03, 11% HF, 27% H2S04, 50% H20 

(34)  

(35) 
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Figure  8. Schematic of scanning j e t  machining device. 
C: Drive c a m s ,  J: E l e c t r o l y t i c  j e t ,  S: 
Specimen ( 3 2 ) .  

F i n a l  Thinning Methods 

E l e c t r o l y t i c  Techniques. Thin shee t  specimens of niobium and niobium 
a l l o y s  f r equen t ly  are thinned e l e c t r o l y t i c a l l y  f o r  T.E.M. us ing the "window 
technique" o r i g i n a l l y  descr ibed by Tomlinson (36) .  The steps involved are 
shown schemat ica l ly  i n  Fig. 9. F i r s t ,  a smal l  specimen is cut  and a "frame" 
of lacquer  is painted around i t s  periphery. The "window" wi th in  the frame is 
pol ished e l e c t r o l y t i c a l l y  u n t i l  p e r f o r a t i o n  occurs ,  u sua l ly  occurr ing a t  the  
topy edge nea res t  the  e l e c t r o l y t e  su r face .  To assist i n  determining the 
optimum e l e c t r o p o l i s h i n g  condi t ions  it is  adv i sab le  t o  e s t a b l i s h  a current-  
p o t e n t i a l  curve as described by Goodhew (37). 
th inning the ce l l  vol tage  should be lowered, whereas, i f  e t ch ing  occurs the  
ce l l  vo l t age  should be ra ised.  As  soon as the  f i r s t  pe r fo ra t ion  occurs the 
specimen is  removed, washed, and d r i ed .  Add i t iona l  lacquer  is painted on the  
s e a l  of t h e  pe r fo ra t ed  edge. It is gene ra l ly  b e n e f i c i a l  t o  i n v e r t  t he  
specimen a t  t h i s  s tage .  Po l i sh ing  is then r e s t a r t e d  u n t i l  a second perfora-  
t i o n  occurs.  This  process i s  repeated u n t i l  t he  edge of a pe r fo ra t ion  
appears very  jagged, i n d i c a t i n g  the  specimen is l o c a l l y  very th in .  Small 
specimens are cut  from the t h i n  a reas  f o r  examination i n  the  e l e c t r o n  micro- 
scope. 

I f  p i t t i n g  occurs dur ing 

Many v a r i a n t s  of t h i s  b a s i c  window technique have been employed success-  
f u l l y .  One technique, descr ibed by Brandon and Nut t ing,  (38)  is  a "f igure-  
of- eight' '  technique which is in tended t o  guarantee  pe r fo ra t ion  at a p a r t i-  
c u l a r  po in t  and t o  produce l a r g e r  thinned areas. B r i e f l y ,  t he  technique 
involves  p a i n t i n g  lacquer  on the specimen i n  a figure- of- eight p a t t e r n  such 
t h a t  i n i t i a l  pe r fo ra t ion  w i l l  occur at  the middle of t he  e igh t .  
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Figure 9. The window technique f o r  prepar ing specimens f o r  
T.E.M. ( a )  i n i t i a l  lacquer  window, (b) f i r s t  per- 
f o r a t i o n ,  ( c )  re lacquered,  (d)  inver ted and pol ished 
t o  second pe r fo ra t ion ,  ( e )  appearance of an edge 
which is l i k e l y  t o  be t h i n  enough, ( f )  appearance 
of a " thick edge" (37).  

A widely used procedure is t h a t  developed by Bollmann (39) which uses 
two pointed cathodes a s  shown i n  Fig. 10. The cathodes,  lacquered except a t  
t h e i r  very po in t s ,  a r e  placed very near  the  specimen t o  be thinned. Af te r  the  
f i r s t  pe r fo ra t ion  occurs ,  which almost always happens between the  cathodes,  
t h e  cathodes a re  moved back from the  specimen and pol ishing is  continued 
u n t i l  a second pe r fo ra t ion  occurs.  The second pe r fo ra t ion  usua l ly  occurs at 
t h e  edge of the  window and e x c e l l e n t  f o i l s  can be obtained from the  neck 
between the  two. 

The e l e c t r o l y t e s  l i s t e d  i n  Table V I  have been used success fu l ly  f o r  
e l e c t r o l y t i c  th inning of niobium and niobium a l l o y  specimens. 

Table V I .  E l e c t r o l y t e s  Used f o r  E l e c t r o l y t i c  Thinning 
Niobium and Niobium Alloys f o r  T.E.M. 

E l e c t r o l y t e  Remarks Reference 

17.5% HF, 17.5% €NO3, 65% H20 

90% H2S04, 10% HF 14V, Pt Cathode (42) 

(401,  (41) 

19% HF, 34% H2S04, 48% L a c t i c  4.2" 
Acid 

5% H2S04, 2% HF, 93% CH30H ZOV, -60 C, Nb-Zr 
Alloys 

(43) 

(44)  

90% CH30H, 10% HC104 -3OC, 5.5V (45 )  
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Figure  10. The Bollmann e l ec t ropo l i sh ing  technique us ing  pointed 
e l ec t rodes .  ( a )  i n i t i a l  p o s i t i o n  of specimen and 
e l e c t r o d e s ,  (b )  f i r s t  pe r fo ra t ion ,  ( c )  f u r t h e r  th inning 
wi th  e l ec t rodes  moved away from specimen, (d)  specimens 
f o r  microscopy are cut  from the  remaining br idge of 
specimen ( 3 9 ) .  

Jet Thinning Techniques. A number of " j e t t i n g "  techniques have been 
described f o r  t he  th inning of disc- shaped specimens f o r  e l e c t r o n  microscopy. 
One such system, descr ibed by EuBose and S t i e g l e r ,  ( 4 6 )  is shown i n  Fig. 11. 
The specimen is placed i n  some type of holder  and posi t ioned between the  two 
je ts  of e l e c t r o l y t e .  An e l e c t r o l y t i c  ce l l  is  e s t a b l i s h e d  between the  speci-  
men and a cathode which is loca ted  somewhere i n  the  e l e c t r o l y t e  stream. I n  
some systems the  je ts  are t o t a l l y  immersed i n  t he  e l e c t r o l y t e  (47). Usually 
t h e  th inning is accomplished i n  two s t ages ;  f i r s t ,  t h e  specimen is  e l ec t ro-  
l y t i c a l l y  dimpled from each s i d e  i n  such a way t h a t  thinned region is pro- 
duced i n  the  cen te r  of t he  disc- shaped specimen. This  specimen is  then 
e l e c t r o l y t i c a l l y  and/or chemically pol ished u n t i l  p e r f o r a t i o n  occurs.  

Numerous improvements have been made t o  the  j e t  po l i sh ing  technique 
through the  years .  
matic methods f o r  d e t e c t i n g  the  onset  of p e r f o r a t i o n  and t h e  s h u t t i n g  off of 
the  po l i sh ing  process when t h i s  occurs. One such system, shown schemat ica l ly  
i n  Fig. 12 ,  u t i l i z e s  " l i g h t  tubes" which are connected t o  an  electrical  
c i r c u i t  t h a t  i s  ac t iva t ed  when t h e  l i g h t  passes through the  p e r f o r a t i o n  and 
s t r i k e s  a d e t e c t o r  (48). 

Perhaps the  most notable  has  been the  a d d i t i o n  of auto- 
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I Cathode 

I 

Figure 11 .  Diagram of an al l- glass  j e t  electropolishing 
c e l l ,  S: specimen, J: j e t s ,  T: e l ec tro lyte  
return tap ( 4 6 ) .  

Figure 12. Submerged j e t  technique using "l ight  wires", 
W ,  to  illuminate the specimen, S ,  with a 
lamp, L. 
tector placed a t  D (48). 

performation is  observed by a de- 
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Although most of t he  e l e c t r o l y t e s  t h a t  can be used f o r  e l e c t r o p o l i s h i n g  
w i l l  work i n  j e t  th inning,  one e l e c t r o l y t e  repor tedly  used s u c c e s s f u l l y  f o r  
niobium specimens i n  an e l e c t r o l y t i c  je t  th inning system is: 

E l e c t r o l y t e  Remarks Reference 

90% H2S04, 10% HF 10-20 v (49) 

Jet chemical t h inn ing  a l s o  has  been used t o  prepare disc- shaped speci-  
mens of niobium f o r  T.E.M. One type of device  f o r  doing this is shown i n  
Fig.  13 (50). In t h i s  device  the  je t  is held i n  pos i t ion  by a g l a s s  tube 
which a l s o  serves  to  d i r e c t  t he  i l l u m i n a t i o n  onto the  bottom su r face  of the  
specimen. When pene t r a t ion  occurs a b r i g h t  spo t  can be observed from the top 
s i d e  of t he  specimen. Numerous improvements and v a r i a t i o n s  have been made t o  
t h i s  b a s i c  technique and have been documented i n  the l i t e r a t u r e  (51-55). One 
such improvement, shown in Fig. 14, is a t o t a l l y  enclosed system. This  type 
of system i s  p a r t i c u l a r l y  a p p l i c a b l e  t o  the th inning of niobium specimens 
because t h e  very co r ros ive  s o l u t i o n s  r equ i red ,  u sua l ly  con ta in ing  hydrofluoric 
a c i d ,  are completely conta ined wi th in  the  system. Incorporated i n  the system 
i s  a washing f a c i l i t y ,  a l lowing the specimen t o  be flooded r ap id ly  with 
so lven t  as soon as the  f i r s t  s i g n  of p e r f o r a t i o n  is observed. 

A s o l u t i o n  t h a t  has been used f o r  jet chemical th inning of niobium and 
niobium a l l o y s  has been r epor t ed  by Hepfer (52) cons i s t ing  of:  

So lu t ion  Conditions 

70% HN03, 30% HF O°C, Wash i n  methyl a l coho l  

Ion Beam Thinning. Thinning of niobium specimens f o r  T.E.M. a l s o  can be 
accomplished by a process c a l l e d  ion  b e a m  th inning ( s p u t t e r i n g ) .  In t h i s  
process  a b e a m  of ions  a t  an  energy of s e v e r a l  keV i s  used t o  remove material 
from the  su r face  of a specimen. Although the  equipment required t o  do t h i s  
i s  r e l a t i v e l y  expensive and the  th inn ing  t i m e  can be extremely long, t h e  
technique f r equen t ly  o f f e r s  t h e  only method f o r  ob ta in ing  t r u l y  deformation- 
f r e e  thinning. 

Fig.  15 shows a schematic diagram of an ion beam th inn ing  device.  This  
type of device has been used s u c c e s s f u l l y  f o r  t he  th inn ing  of niobium and 
niobium a l l o y  specimens, i nc lud ing  Nb-25% Z r  (57). The cond i t ions  recommendet 
are : 

I n i t i a l  F i n a l  Pressure  Thinning Rate 
Angle 6 Angle 6 - kV - Gas ( t o r r )  ld! (V m/hr) 

20D 4.5 4.5 Argon 6 x 40 0.5 
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1 
Figure  13. Gravity- fed je t  chemical po l i she r .  S: Specimen, 

/ 

L: 
l i g h t  source ,  0: observer ,  E: e l e c t r o l y t e  from header 
tank,  C: lmm i n s i d e  diameter c a p i l l a r y  tube (50). 

0 
I 

F igure  14. An enclosed cell f o r  pol ishing with co r ros ive  so lu t ions .  
E: e l e c t r o l y t e  inpu t ,  W: wash inpu t ,  T: t r anspa ren t  
p l a s t i c ,  0: observer ,  L: l i g h t ,  S: specimen (55). 

Figure  15. Schematic diagram of an ion beam th inn ing  device. A: 
argon i n l e t s ,  S: specimen, W: window f o r  observat ion,  
V: vacuum pumps, P: r e t r a c t a b l e  probes f o r  ion beam 
cur ren t  measurement, 0 : angle  of incidence (56). 
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