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In situ observations of the nitriding of tantalum 

by P.R. SWANN, G. THOMAS* and N.J. TIGHE, Department of Metallurgy, 
Imperial College, London SW7 2BP, and *Department of Materials, Science and 
Engineen'ng, Berkeley, Califorma 94720 

SUMMARY 

A gas reaction cell developed for the AEI EM7 has been used to observe directly 
the structural changes which occur when tantalum is heated in nitrogen. It is 
demonstrated that sharp images of the microstructure can be obtained from 
~pecimens at temperature while surrounded by a 5·5 mm thick layer of the reaction 
gas at a pressure of 35 torr. The usefulness of the in situ technique for studying 
gas/metal reactions is assessed. · 

INTRODUCTION 

In the past 10 years electron microscopy and diffraction have provided con
siderable evidence for ordering in dilute solutions of interstitials (-::-- 1 at %) in. 
group Va bee metals, e.g. carbon (Villagrana & Thomas, 1965), oxygen (van · 
Torne & Thomas, 19M); van Landuyt, Gevers & Amelinckx, 1966), nitrogen 
(Seraphin, Stemple & Novick, 1962), but the mechanisms of the ordering transi
tions are not fully understood. The reactions are important since they appear 
to be associated with the well known ductile/brittle transition that occurs in 
refractory metals. Other points of interest stem from the fact that the crystal 
structures of the ordered phases are different for various member'3 of the group 
and elasticity arguments (Beshers, 1965) have been used which suggest that this is 
due to a transition from octahedral to tetrahedral occupancy of the inter'3titials in 
the different bee metals. 

In this paper we describe some preliminary observations of the structural 
changes which occur during the nitriding of tanta.lum in a special environmental 
cell mounted in the AEI EM7 (Swann & Tighe, 1971). The advantages of carrying 
out the nitriding reaction in situ are (1) the changes in structure of a particular 
region of a specimen can be followed throughout the reaction (2) the experi
mental conditions required to produce the structure of interest can be obtained 
very quickly by visual observation (3) effects occurring at temperature in the 
environment can be readily distinguished from those which occur on cooling 
from the reaction temperature. The disadvantage of the in situ technique are 
(1) thin film effects may lead to structures which are not typical of the bulk (2) the 
composition of the specimen is non-uniform because of variations in thickness 
and surface reactivity (3) specimen contamination and electron irradiation may 
locally influence the reaction kinetics and products ( 4) the temperature of the 
~pecimen is difficult to determine accurately since the pressure of the gaseous 
environment aflects the temperature difference between th~ specimen and the 
heater and also the power required to achieve a certain heater temperature. 

..-:t .... ~ 
""'1''\~t.-; 

'.i 



-2-

E X PE R I M E f.; T A L I' R 0 C E 0 U R E 

Cold rolled tantalum sheet 99·9", purity wa' recrystallized by rc'>istancc·. 
heating tu 1200 C in a prc~'urc of 5 / 10 ·• torr (fl·67 "/ 10 ·"· Nin1"). The 
'>pecimcns wen: prep;lrcd br dcc:tron microscopy by clcctrupoli~hir.g in a ·,(,Jutum ·. 
containing one part sulphuric aCid and seven parts methanol at 12 V anJ - 30._C. 
Specimens wen: wa~hcd and dried a~ quickly a; pos5iblc before placing in a 
ribbon heater hot stage specially developed· for the environmental cell of -the 
AEI EM7 (Swann, 1972). . 

Separate experiments were carried out to deterritine the difference between the 
heater temperature and the specimen temperature at various ga'> pressures, For. 
these experiments 100 fJ.ffi diameter thermocouple wires were spot welded to a 

Pressure (torr) 

Temperoture ( •c) 

Fig. 1. (a) Tcmper.tture difference berween a specimen and a sup
porting strip heater versus beater temperature and air presslire. (b) 
Pressure dependence of the heater power required to achieve the 

. indicated ccmpcramres, ~~~r• relative to the power required at 10- 5. torr, 
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disc specimen and also adjacent to the specimen on the underside of the heater. 
The specimen was heated by alternating current to eliminate pick-up errors in 
the thermocouple readings. · · · 

RESULTS 

The temperature difference, fiT, between the heater and the specimen is 
shown in Fig. la for various gas pressures in the range 10- 5 torr (1·33 mNjm2) 
to 60 torr (8 kNjm2

). The power required to achieve a cetain heater temperature 

was also measured as a function of a gas pressure. The results, normalized with 
respect to the power required at to-s torr (1~33 mNfm2

) are shown in Fig. lb. 
The abovt: results were used to estimate the temperature of the tantalum 

specimen in relation to the heater temperature during the nitriding experiments. 
It was found that the reaction proceeded at a convenient rate with good specimen 
visibility at a nitrogen pressure of35 torr (4·67 kN/m2

) and an estimated specimen 
temperature of 300"C ± l0°C. The first -..;sible evidence of the nitriding 

·reaction occurred at the thin edges of the electron microscope specimen. The 
product takes the form of a fine tweed-like structure which is shown in Fig. 2. 
Detailed examination of the micrographs reveals that the fine striations which 
form the tweed-like structure are tl;tin plates parallel to {110} of the bee tantalum 
lattice. A typical diffraction pattern of the tweed structure is shown in Fig. 3a and 
compared with a diffraction, pattern of the same area before nitriding in Fig. 3b. 
The analysis of diffraction patterns in the nitriding materials is complicated by the 
existence of several variants of the Structure lying in the area covered by the 
ditfraction apertUre and also by the occurrence of multiple diffraction. However, 
it was found that isolated variants of the reaction product would occasionally form 
in specimen~ coated with a prote<."tive film produced by contamination in the 
electron beam or by exposure to the atmosphere for a long time before nitriding. 
A d1tfraction pattern from a single variant in the bee matrix is shown in Fig. 4a. 
Comparison with hg. 3b shows that the bright reflections correspond to the 
fundamental retit:ctions of the bee tantalum structure and since the extra reflec
tions in the nitndcd structure .occur at perfect fractions of the bee mterplanar 
spacing they must likely arise from interstiual ordering of nitrogen atoms 10 tbe 
bee structure. The pattern is analysed on this basis in !'ig. 4b wrucll is consistent 
with a superlatuce with axes gi.ven approximatdy by fa1/ = '2a, fa;;!; = 4a, 
faa/ = 4c where a is tbe laruce paramer.:r of the anginal bee structure and cis 
slightly longer than a as a consequence of the tetragonal distor.oon lrom the 

interstitial nitrogen. The c/a ratio calculated from the po>itions of reflections in 
Fig. ·4b is 1 ·06 but this ratio varies from specimen to sp~cimen which suggests 
that th~ superlatti~e can accor:nmoda~e deviat!ons from stoichiometry: 

Contmued heating of spectmens m the rutrogen en\'ironment results in the 
appearance of a new structure \vith a lenticular morphology. The lenticular 
plates appear first at the thin edge of the electron microscope specimen. They are 
homogeneously distributed and repeatedly subdivide to merge with the tweed-like 
structure as the thickness of the specimen increases. A typical example of this 
morphology appears in Fig. 5. The plates themselves possess a fine internal 
substructure which is similar in appearance to the tweed structure. · · 
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With a further increase in nitrogen content, martensit~like plates propagate 
rapidly through the tweed structure into the thick parts of the specimen. The 
specimen movement resulting from this transformation prevented photographic 
recording and in order to obtain micrographs the specimen temperarure was 
lowered by about 40'C to stop the transformation. An example of the marten
sine structure is shown in Fig. 6~ Eventually this structure completely fills the 
specimeQ and' although several variants occur in any one grain it was observed· 
(as in Fig. 7) that alternate plates often have similar orientations. This is clearly 
an example of co-operative growth frequently observed in martensite transforma
tions and also seen by Potter & Altstetter (1972) in bulk specimens of nitrided 
vanadium. A consistent solution to the diffraction data of the martensitic product 
has not yet been obtained owing to the complexities introduced by streaking of 
diffraction maxima between reciprocal lattice layers, the appearance of several 
twinning variants inside a single plate and the inevitable appearance of more than 
one martensite variant in any one diffractional 'pattern. The patterns cannot be 
indexed in terms of the hexagonal vanadium nitride observed by Potter & 
Altstetter (1972). Attempts to analyse diffraction patterns have therefore been 
postponed until a method of coarsening the martensitic structure has been 
developed. 

. . 

During the course ofthe experiments it was noticed that areas of the spec:jmen 
exainined before nitriding would react more slowly with nitrogen during subse
quent heating (see for example Fig. 8). The effect is not due to radiation damage 

· in the tantalum because it is also observed in specimens examined well below 
the threshold voltage for such damage. In further experiments it was noted that the 
nitridiag reaction is not hindered if pre-examination of the specimen is carried out 
in an oxygen environment at a pressure of 30 torr. It is known from the work of 
Heide (1958) that carbon contamination does not occur under these conditions 

and this strongly suggests that the effect shown in Fig. 8 is due to a build up of 
carbon on the specimen surface whiC:h subsequently prevents nitrogen entering 
the specimen. 

DISCUSSION 

The results in Fig. Ia show- that increasing the gas pressure around the hot 
stage decreases the temperature ·difference, ll T, between the specimen and the 
heater. The value of !:.T may be as ·high as 280°C at a pressure of I0- 5 torr 
(1·33 mNjm2

) and a heater temperature of l000°C, but this can easUy be reduced 
·to 60°C by increasing the pressure at the specimen to 60 torr (8 kN/m2). The 
actual temperature difference in a typical electron microscope hot stage experi
ment may be greater or less than indicated in Fig. Ia depending on the method of 
specimen clamping and the radiation shielding. However, the present work does 
indicate that the accuracy of electron microscope hot stages could be improved 
by providing an inert gas around the specimen to assist the heat transfer from the 
furnace. Figure lb shows that the power required to achieve a certain specimen 
temperatUre: in the gas reaction cell increases most rapidly in the pressure range 
10-50 torr (1·33-6·65 kN/m2

) and thus to avoid excessive heat dissipation into 
the microscope when working at high temperarures, a gas pressure less than about 
I 0 torr (I· 33 kN · m2

) should be used. Figure l b also demonstrates that one should 
not decrease the reaction gas pressure in an attempt to control the speed of a 
gasfsolid reaction. In fact, this action would result in an immediate increase in· 
heater temperature thereby increasing the reactiob rate. 

In the present experiments the working temperature required was only about 
300"C and it was found that thermal drift of the specimen was not a serious 
problem at a nitrogen pressure of 35 torr. Consequently this pressure was chosen 
since D. Tat 300''C was only about lO~C. · 

The fine, tweed-like structure which forms at the beginning of the nitriding 
reaction (see for example Fig. 2) is best interpreted as an array of zones belonging 
to different variants of the ordered structure which fit together in a way which 
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minimizes thetotal :>train energy. The diffraction pattern in Fig. 3a shows rh:lt 
the zones arc twin related about .{ llO; plan..:> of the parent bee ~tructurc .. The 
characteristic absl:ncc~ among the n:fkctions from the nitro.;::n '>t:bl:ttticc 
suggest a body-centred symmetry and if it i~ assumed that the ba',i) of the sub
lattice is a single nitrogen atom the swichiomctric compo>ition of the ordered 
structure would be Ta".1N. However, in Fig. 4a, and in other diffraction patterns 
it was noted that reflections of the type (h + k + l) = 4(2n + I) are either very 
weak or absent. This indicates a more complicated basis than one nitrogen atom 
and suggests that the ordered structure has a higher nitrogen content than Ta64 N. 

In the nitriding experiments the ordering reaction is homogeneously nulceated 
and typically the surface density of nuclei is in excess of 2 x 107/mm2• The 
nucleation rate can be reduced by nitriding at much lower nitrogen pressures or, 
more effectively, by. encouraging surface contamination. Both actions result in a 
slower rate of entry of nitrogen into the specimen and permit coarser structures 
to develop. Under these conditions a well defined two phase, ordered/disordered 
structure was observed at the beginning of tantalum nitriding. This structure is · 
similar to that observed at low oxygen pressures by \'an Landuyt (1964) in nio
bium-oxygen alloys and both observations suggest that the interstitial ordering 
reactions are not higher order phase changes (Chris tin 1965). The existence of a 
tetragonal distortion in the ordered structure suggests that the nitrogen atoms are 
located in octahedral rather than tetrahedral sites (van Landuyt & Wayman, 
1968). 

Transformations. with a martensitic morphology are well known in bull(: oxida
tion and nitriding reactions involving group Va metals (Kofstad, 1961; van 
Landuyt & Wayman, 1968; Poner & Altstener, 1972). It has been shown by van 
Landuyt& Wayman, (1968) that the martensite plates form only near the gas/ 
metal interface and they suggest that the transformation occurs when the surface 
layer becomes sufficiently supersaturated \\-ith respect to the interstitial atom. 
The present work supports this suggestion since at the reaction temperature 
the martensite plates propagate rapidly into the thick regions of the tantalum 
once they have nucleated in the nitrogen-rich regions at the edge of the specimen. 
In Fig. 6 it can be dearly seen that the growth rate at the tip of a martensite plate 
is uniform across the section of the specimen. This suggests that the dri.,ing force 
for plate growth results from a pre-existing nitrogen supersaturation and not 
from the continual take-up of nitrogen where the plate intersects the specimen 
surfaces. Thus, the transformation differs from conventional martensite where the 
driving force needed during the nucleation eyent derives from a decrease in 
temperature. During nitriding, the temperature is constant and the driving 
force derives from the change in nitrogen content. Thus, if nitride products are to 
form martensitically it is necessary for the up-take of nitrogen to be sufficiently· 
rapid that the tram formation does not occur via the competing diffusional process. 
This consideration as well as the higher elastic constraints in the but~ probably 
account for absence of plate formation away from the gas/metal interface. 

CONCLUSI0:-1 
It has been shown above that a nitriding reaction can be observed as it occurs ill 

the electron microscope. It is clear that a \vide range of other gas/solid reactions 
could also be studied directly using the same technique. The main attraction of 
the method· is. its ability to reveal· the structural changes which occur during a 
surface reaction under typical service conditions. Unfortunately, however, the 
t chnique at its present state of development is not very useful for studying the 
equilibrium structures of a material as a function of composition. This is. because 
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it is difficult to control accurately the partial pressures of~he reacting ga~cs in _the. 
confined regions of the environmental cell. For ~uch experiments, it i~ better to 
conduct the.n:action in a separate closed system with a metered amount ofthe. 
reacting gas so that the composmon of the electron microscope specimen is 
known and remains constant during time required for the structure to reach 
equilibrium. 
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Figure Captions 

Fig. 1. (a) Temperature difference between a specimen and a supporting 
strip heater versus heater temperature and air pressure. 
(b) Pressure dependence of the heater pCMer required to achieve 
the indicated temperatures, WP' relative to the power required at 
lo-5 torr, W0 • 

Fig. 2. Fine tweed-like structure formed at the initial stage of the 
reaction beb~een , t~talum and nitrogen at 300°C ± l0°C and 
35 torr (4.67 kN/m ) nitrogen. Operating voltage 1 MV. x 54,000. 

Fig. 3. (a) Typical diffraction pattern from a 111 zone of tantalum 
after the formation of ~1e tweed structure. 

(b) Same diffraction zone before niriding. Operating voltage 1 MV. 

Fig. 4. (a) Similar diffraction zone to Fig. 3a, but showing a single 
variant of the ordered structure. 

(b) Analysis of Fig. 4a. Operating voltage 1 MV. 

Fig. 5. Lenticular plates growing from the thin edge of a tantalum 
specimen. Note the subdivision of the plates where they merge 
into the tweed structure and the substructure within each plate. 
~ticrograph taken at 300°C in 35 torr of nitrogen. Operating 
voltage 1 MV. x 57,000. 

Fig. 6. Martensitic growth of nitride plates into thick areas of a tantalum 
specimen. The transfonnation occurred in 35 torr of nitrogen at 
300°C and caused sharp movement of the specimen. For the purpose 
of photographic recording the transformation was suppressed, by 
lowering the specimen temperature to 260°C. Operating voltage 
1 MV. X 29,000. 

Fig. 7. A similar specimen to that shown in Fig. 6, but photographed 
after a fully martensitic structure has forn~d. Operating voltage 
1 MV. X 25,000. 

Fig. 8. An unreacted spot in a pre-examined region of a nitrided tantalum 
specimen. It is believed that carbon contamination deposited during 
the pre-reaction period protects the tantalum from the reacting gas. 
Operating voltage 1 ~W. x 8000. 
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Figure 2 

(a) (b) 
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