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EFFECT OF FAST NEUTRON IRRADIATION ON THE RECOVERY AND

RECRYSTALLIZA1 !ON OF NIOBIUM"

H. L. Fotedar and W. A. Monteiro

ABSTRACT

Ef(p>;i of I,m rwimon irt;idiiition IE > 0 1 MeV) on thi" rHtouvry ,in>] rccrystalliMtion of high puriiv niobium

has r»»en "ituriiwi, utilising transmission ol«ctron microscopy and isofhronul microhardness meu5iir»m«nts, in the

temperature rmqe 2b 1200 C (or 1 h. The sigmoidal recovwv curves show an initial increase in microhardness in the

temoorHture range 25 30o"c. which is related to the miqration of intersticinl impurity atoms O, C and N to

dislocations arid detect .xjglomer.itej produced by cold work and irradiation. Recrystalli/ation in coir/ worked niobium

proceeds bv «jbrain 'jrowth (controlled by subgrain coalescence) and stiain induced grain boundi-ry migration Faj i

neutron irradiation to a fluence of 0 = 1.3» 101 8 nvt facilitates the formation of recrystaUization nuclei bv suburain

coalescence and thus accelerates the initial nucleation process in cold worked and irradiated specimens by about 150 C.

1 - INTRODUCTION

In order to obtain a better understanding of structure mechanical property relationship, many
BCC meials'2 , in recent years, have been extensively studied tor their as-deformed and high
temperature recovered structure as well as for structural changes produced by high flux neutron and
heavy ion irradiations. For use in atomic power reactors, this type of material characterization becomes
very important, since nuclear irradiation produces irradiation damage along with transmutation products
which can significantly alter the microstructure thereby severely effecting high temperature mechanical
properties of nuclear structural materials. Niobium has long been considered as an important high
temperature nuclear structural metal for both fission as well as fusion reactor applications'5'20*. In
Controlled Thermonuclear Reactor (CTR) applications, niobium as a first wall material can be subjected
to high temperatures (up to 1000°C) and high neutron fluences (up to 1023 nvt) under complex stress
conditions. Any combination of these will result in appreciable microstructural changes of the CTR first
wall, effecting thereby its dimensional stability as well as its other mechanical and physical properties.

Although to date many studies have been performed on the recovery of various types of fast
particle irradiation damage on the physical, electrical and mechanical properties of FCC and BCC metals
and alloys'1 3.6,B-14.16-T8,21,24,26) y e t a t p r e w n t f e w investigations are available that study in detail
fast neutron irradiation effects on the microstructural related properties such as recovery and
«crystallization in BCC metals in general arid in niobium in particular.

In this paper we will present results detailing the recovery and recrystallization processes in
pure niobium (VPgrade) and the effect of fast neutron irradiation <E >0 .1 MeV) on these, utilising
isochronal micro-hardness measurements and Transmission Electron Microscopy,

2-EXPERIMENTAL

High purity niobium rods (VP grade) were acquired from Mateiials Research Corporation.
These had the following interstitial impurity content as detected by emission spectrografic analysis:
C = 2Sppm; 0=50ppm; N = 16ppro.

* RfliMrch partltlly lupportad by FAPESP and ComiMfc Nacional d« Energia Nuclwr.
" LATF Fallow, Tufti Unhwnity, Mtdford Mam. USA.



The t /4" niob..im rods were coW rolled to 95% in aiea. to a thickness of 250 jim. From these,

specimens, with cross-sectional area 0.015 x 0.01B m2 WWR cut and divided into two hatches, selecting

two samples for each treatment, one for electron microscopy work and the other for microhardness

measurements. Batch (a) was isochronally annealed in the temperature range 100 - 12O0'C for one hour

in a dynamic vaccum of better than 10 7 torr, using direct resistance heating. Batch (b) was irradiated

at a fast neutron flux of 7.7 x 10 1 ' n /cm'/ i utilising position 35a, shelf 5 to a total fluence of

1.3 x 1 0 ' H nvt in the IEAR-1 swimming pool reactor at energies higher than 0.1 MeV. Specimens for

irradiation were first thoroughly cleaned in boiling acetone, dried and then wrapped in 50 pm thick

aluminium foil and finally enclosed in a 500 pm cadmium capsule to block thermal neutrons. For

irradiation these capsules were placed within a special irradiation device17' consisting of two concentric

aluminium tubes hermetically sealed at the top with entry for a chromel-alume) thermocouple to

monitor any increase in the specimen temperature due to gamma heating. This was found to be around

140°C in the present case.

The onset of recovery and recrystallization was monitored by the measurement of

microhardness using a 100g weight in a Vicker microhardness tester. Prior to hardness testing specimen

were first mechanically polished to ensure a planar surface, followed by electrolytic polishing using thr

following conditions:

Electrolyte: solution of 9: H2SO4 (95%) and 1 HF (48%) by volume

Cathode: platinum

Temperature: 0°C

Voltage: 14 volt

The microstructural changes were monitored with a Hitachi HU-12 transmission electron

microscope, equipped with a goniometer, at an operating voltage 125 KeV. Thin foils in the form of

3 mm discs for microscopy work were largely prepared by chemical thinning and polishing, utilising a

solution of 70% HNOj and 30% HF. Extensive specimen rotation and tilting was employed to reveal

deformed and recovered substructure. The low magnification micrographs were enlarged 4 times and

average cell or subgrain intercept detorrvned by using a line intercept method.

3 - RESULTS

3.1 - Mcrohardness Tost»

Figure 1 shows the isochronal microhardness recovery of cold worked and cold worked neutron
irradiated Nb as a function of annealing temperature for an annealing period of 1 h. To obtain data
points in the curve, 15 identations were made for each sample.

3.1.1 - Cold Worked Specimen

At i i shown in figure 1, the microhardness first increases slowly with temperature reaching a
maximum at 252°C, then decreases slightly up to 462°C. There after the decrease in microhardness if
rapid as recovery proceed» around 600°C, after which tht decrease continue* until after about 700°C
there is relatively little change in the microhardness. The microherdnes» versus temperature curve
(OABCDE) can be divided into 3 regions:

Region: OAB (T < 462sC), related to hardening and recovery processes.

Region: BCD (462 - 722°C) related to recrystallization processes.

Region. DE ( > 722sC), involving grain growth processes.
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Figure 1 - Isochronal microhardness recovery of cold worked and cold worked neutron irradiated

niobium as a function of annealing temperature. Annealing time 1 h.

3.1.2 - Cold Worked and Irradiated Specimens

Initially the microhardness increases rapidly with temperature with hardness reaching a

maximum around 210°C, decreasing thereafter only slightly up to about 300°C. After this there is a

rapid decrease in hardness as the temperature is further increased. There is, however, a slight delay in

the overall recovery spectrum around 500°C, then the hardness decreases gradually, and after about

800°C, the microhardness remains practically unchanged.

Comparing the two curves it can be argued that fast neutron irradiation in general tends to shift

the microhardness versus temperature curve (O'A'B'C'D'E'l to lower temperature. Furthermore the

microhardness is higher for irradiated samples and ramains so even up to very high temperatures

(90Q°C). A surprising exception to the general increase in microhardness in the irradiated samples occurs

at point 0 ' which is the as irradiated hardness value at 140°C and is lower than the hardness for cold

worked specimens.

3.2 - Transmission Electron Microscopy

3.2.1 - CoM Worked Specimens

Figure 2 shows tangled dislocatios in the early stage of cell formation in niobium cold worked
arid annealed at 420°C for 1 h. Dislocation free cells appear to nucleate in regions of high dislocations
density. Figure 3 (a) is an electron microscopy imagt for ã specimen cold worked and then annealed at
600°C for 1 h, showing subgrains bounded by high dislocation densities. The boundary on the top left
corner is preferentially disappearing such that the two subgrains are coalescing into a similar orientation.
Note the high dislocation density within the larger subgrain. Figure 3 (b) shows another example of
subgrain coalescence for a cold worked specimen annealed at 722°C for 2 h . Figure 4 shows a



í
Figura 2 - Dislocation tangles and early formation of cells structure in niobium, 95% cold worked

in area, and annealed at 420"C for 1 h.

Figura 3 - (a) Subgraint bounded by high dislocation density wills in • specimen of niobium 96% ootc
worked in area annealed at 500°C for 1 h. <b) Subgrains coalescing in a specimen cold
worked 95% and annealed at 722°C for 2 h.



completely recrystallized subgrain, growing preferentially into heavily deformed regions of a specimen
cold rolled 95%. annealed at 520°C for 1 h. Figure 5 is an electron micrograph showing a high angle
grain boundary bulging into a region of high dislocation density (specimen annealed at 500°C). The
growing boundary leaves in its wake subgrains of the same orientation as the growing grain. As the grain
boundary moves it acquires dislocations lying in its path and thus attains a greater degree of
misorientation relative to its neighbours. Figure 6 is an electron micrograph showing cellular substructure
along with microtwins in a Niobium sample cold worked 95% and annealed at 520°C for 1 h. Figure 7 is
a composite micrograph showinq completely recrystallized region of the specimen annealed at 722°C for
1 h. The subgrains are bounded by extensive tilt and twist dislocation networks. Figure 8 shows a
growing high angle boundary scavenging dislocations in it path leaving a dislocation-free region behind it
(annealing temperature 1150°C, 1 h). Figure 9 shows a variation of average cell or subrain size vs.
annealing temperature for cold worked samples. Annealing time 1 h. There is relatively little change in
the average cell size in the temperature interval 2 5 - 4 0 0 ° C , showing that dislocations undergo
rearrangement to form energetically more favourable configurations, along with the annhilation of point
defects and point defect agglomerates prouced by plastic deformation. After 400°C recrystallization
begins such that subgrain size continues to increase linearly up to 680°C after which the subgrain size
tends to saturation.

Figure 4 - A completely recrystallized subgrain, growing into a heavily deformed region in a Nb

specimen 95% cold worked and annealed at 520°C for 1 h.

High angle g>ain boundary

worked specimen annealed at 600° C for 1 h.
dislocation density, 95% cold



Figure 6 - Cell structure and microtwins in 95% cold worked specimen annealed at 520°C for 1 h.

3.2.2 - Cold Worked and Irradiated Specimens

figure 10 is an electron micrograph of a specimen that was cold worked and irradiated to a fast

neutron dose of 1.3 x 1 0 ' ' nvt and annealed at 300°C for 1 h. An extensively tangled and cellular

dislocation structure is observed. A high density of point defect agregates in the form of black dots are

also observed with a minimum size of these dots observed to be 42 A. Previous studies1191 have shown

that these black dots are dislocation loops of predominantly interstitial type. As is dear from the

micrograph, these loops tend to pin the dislocations and act as obstacles to fresh dislocations. The

and wavy nature of the dislocations indicate that dislocations have cross slipped and climbed.

' , - - , />"

'*•<%,

Figure 7 - Dislocation networks and recrystallized substructure in 95% cold worked Nb annealed at
722°C for 1 h.



Figure8 - 95% cold worked Nb, annealed at 1150°C for 1 h. A moving grain boundary absorbing

dislocations in its path.

4 - DISCUSSION

4.1 — Unirradiated Specimens

The initial increase in the microhardness vs temperature curve (OA| in figure 1 in the

temperature range 27 - 267°C can be attributed to the migration of interstitial impurity atoms 1 2 5 - 2 8 1 ,

such as O, N and C, to the defects (dislocations, vacancies) produced by cold work, thereby pinning

them and increasing their effectiveness as barriers to dislocation slip produced during indentation testing.

In the temperature interval 267 - 462°C a gradual decrease in hardness can be attributed to the

recovery processes, during which vacancies anneal out and dislocations rearrange by thermal activation

(glide and climb), thereby reducing the overall internal stresses. There is relatively little increase in the

overall cell size in the temperature interval 2 7 - 420°C, as shown in figure 9, indicating the

preponderance of recovery processes in this temperature interval. The rapid decrease in the

microhardness around 462°C is due to the commencement of recrystallization. TEM results in figures 2

and 6 show that dislocation free cells form within regions of high dislocation density, producing a

ctllulsr substructure. Once one of these dislocation-free subgrains acquire high misorientation with

respect to its neighbours the subgrains will grow, sweeping up isolated dislocations or constituents of

low angle grain boundaries (Figures 4 and 6) such that the periphery of a growing subgrain acquires an

•van higher dislocation density.

The nucleation of a recrystallized grain proceeds by subgrain coalescence"6 '2 2 1 . As shown in

figures, one of the subgrains is gradually disappearing such that subgrains sharing this boundary

merge into the same orientation resulting in an increased subgrain size; thj* larger subgrajp is

surrounded by high angle grain boundaries which have higher mobility. Figures 4 and 6 ahow that

whan these high angle grain boundaries « a at the periphery of a highly deformed region, the

recrystallization can then proceed rapidly by strain-induced grain boundary migration'4 ' . There is a

temporary delay, however, in the over all recrystallization process at C in the BCD region of the

curva in f i g u r e i . This has been attributed to microtwinning, as shown in figure 6. TNse

microtwins form during recovery anneal as a result of the accomodation of local stains due to

rapid formation of subgrains'231. Above 722*C, the recrystallization is virtually compHe and the

grain growth begins such that microhardness remains virtually unchanged (figures 7 and 8 ) .
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Figure 9 - Variation of average subgrain diameter vs. isochronal annealing temperature for 95% cold

worked \4b. Annealing time 1 h.

rigure 10 - Dislocation tangles and cells along with small defect clusters as revealed under kinematical

diffraction contrast, 95% cold worked Nb, irradiated to a fast neutron fluence of

1.3 x 10' *nvt posteriorly annealed at 30C°C for 1 h.

4 2 - Irradiated Specimens

Post irradiation annealing of cold worked and irradiated samples results in an overall increase in
micro-hardness as shown by the curve O'A'B'C'D'E' in figure 1 . The hardness corresponding to point 0 '
refers to the as-irradiated value at 140°C, and is lower than the hardness for cold worked samples
(unirradiated). The reason for this lower hardness at 0 ' may be due to thermal cycling which our



Samples UIKlHrw'Mt vvriil>* in li».' r»M<:li>r I t»1 I f A 1 II'.H tor dulim) the permit of this investiiirttitin, w ••. >••

operation foi only B !• ;i tidy, 'he IÍHHÍ IM«|»IOV««1 for our irr<vlif>tion was 18 h; tins meaiii th.it am

samples wen? in plan: dining reachn statJ up atwl shut tli>wn for 6 «lays and may have f>e«m sijl>|«*."ted to

temperature fluctuations. Tiiis thermal cyi:lini) in the presence of a large number of irrailialton produced

defects could result in the reaiiangement of dislocations resulting in tíw lowering of intwnal stresses,

such that microhardness decreases slightly at 0'. Beyond O' however, the curve O'A'B' in figure 1

behaves in a similar manner when compared to the curve OAB such that the initial microhardness

increases up to around 300 C, and thereafter decreases gradually as the temperature is further increased.

The irradiated specimens contain, in addition to deformation induced defects, radiation produced defect

clusters or dislocation loops of predominantly interstitial type'1 9 1 . These are visible in the electron

micrograph in figure 10 as small black dots with a minimum diameter of 42 A. The interstitial impurity

atoms principally 0 and C migrate to these radiation produced defect clusters or loops in the

temperature range 1 5 0 - 3 0 0 ° C thereby strengthening them as barriers to dislocation slip' • . The

relative increase in the microhardness in irradiated specimen is therefore due to the strengthening of

radiation produced defect clusters and the increase in the total number of effective obstacles to slip

dislocation motion. The lowering of the irradiated curve below the unirradiated one at B' may be due

the ease in the formation of recrystallized nuclei as also due to the precipitation of carbon atoms due

to irradiation1271. The recrystallization in the cold worked and irradiated samples commences earlier

around 300°C, this is because the kinetics of subgrain coalescence are governed by either cooperative

climb of edge dislocations or vacancy diffusion processes115' which will be accelerated in the presence

of defects produced by fast neutron irradiation. The hardening in the region around 500°C may be

attributed to the appearance of small defect clusters of vacancy type in addition to large interstitial

loops. Such defect clusters were observed by Ohr et a l . | 1 9 > on post irradiation annealing of Nb at

QOOSC. They further observed that these small defect clusters of vacancy type showed no depletion near

the grain boundaries. Tfvs suggests that at higher temperatures as recrystallization proceeds, it is possible

that these vacancy type clusters could temporarily impede the subgrain growth, thus giving rise to a

microhardness hump in the B'C'D' region of the irradiated specimens in figurei. Beyond C the

microhardness shows continuous recovery and the overall hardness remains higher thant the unirradiated

cold worked niobium, even at high annealing temperatures (900°C), presumably due to still high residual

density of point defect agglomerates produced by irradiation. Comparing the two curves at high

temperatures, around D, in figure 1 it appears that recrystallization finish temperature (D and D') is

relatively unaffected by irradiation. It is possible that at these high temperatures subgrain boundaries are

of higher angle, thus possess greater mobility (figure 8) such that the radiation produced defect clusters

are not effective in resisting grain growth.

6 - CONCLUSIONS

1) Initial increase in the microhardness in the temperature range 2 5 - 3 0 0 ° C has been

attributed to strengthening of obstacles to dislocation slip by interstitial impurity

atoms 0 , N and C, for both irradiated and unirradiated niobium.

2) Recrystallization in 95% cold worked Nb proceeds by subgrain growth (controlled by

subgrain coalescence) as also by strain induced grain boundary migration.

3) Post irradiation annealing *,<er fast neutron bombardment to an estimated fluence of

1.3 x 10' * nvt for cold worked Nb results in an overall increase in mrcrgrtardnes* by

about 10 kg/mm3 initially (207°C) and about 15 Kg/mm1 at high temperature (722*C).

4) Fast neutron irradiation facilitates the formation of recrystillization nuclei by subgrain
coalescence and thus accelerates initial recrystallization processes by about 150°C, in cold
worked and irradiation specimens.
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