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RECRYSTALLIZATION OF HIGH-MELTING METALS IN WELDING AND SOLDERING* 

N.V. Grebtsev and G.N. Klebanov 

(Moscow) 

The basic _problem encountered in welding high-melting metals con­

sists in improving the mechanical properties of the welded joints, and 

their plasticity in particular. To develop methods for joining these 

metals with themselves and other metals, it is necessary to have avail­

able the characteristics of the metal's recrystall~.zation processes un­

der the conditions of the heat cycles of welding and soldering. 

Data on the influence of the heat effect in welding and soldering 
. 

on changes in tre structur.•e and mechanical properties of the basic metal 

enable us to determine the range of optimum conditions for the various 

methods of welding them by fusion and in the solid phase, and to select 

effecient methods and conditions for soldering. 

In recent published material on the processes of recrystallization 

in high-melting metals, there is no information at all concerning their 

behavior under the conditions of the heat cycles encountered in welding 

and soldering. Literature data on the recrystallization temperatures of 

high-melting metals were obtained during heating in furnaces or rapid 

conduction-current heating with subsequent prolonged holding at the 

specified constant temperature. Nor are here any data on the influence 

of the basic parameters of the heat cycles on the metal's recrystalliza­

t ion processes in the za,e of the heat effect. 

The present study was concerned with recrystallization processes 

in welding and soldering of molybdenum, tungsten, tantalum and niobium 
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and the influence of these processes on the structure and mechanical 

properties or these metals in the zone around the serun. 

Depending on the methods and conditions of welding or soldering, 

one or the basic parameters of the heat cycle and a determining one f or 

the recrystallizatton process - the rate or heating - may vary over an 

extremely wide range. It would be of interest to study the influence of 

heating rate on the temperature of onset of working recrystallization 

and that of the time for which the metal is above the recrystallizat ion 

temperature on grain growth (cumulative recrystallization). In welding 

and soldering, it is precisely these two parameters of the heat cycle 

that are subject to regulation. 

The maximum temperat~re to which the zone around the weld is heat­

ed, another factor that influences grain size, is determined by the 

method used in forming the joint. In fusion welding, it is near the 

melting point of the basic metal, while in solid-phase welding it i ~ 

not, as a rule, below the recrystallization temperature; in soldering 

it is close to the melting point of the solder. 

The influence of heating rate on the initial temperature of re­

crystallization was studied by the IMYeT-1 method [l], using specimens 

whose sections varied over their length and which were heated at dif­

ferent rates arrived at by varying the conduction current. The heating 

rate of a section passed through at a distance of 5 or 10 mm from the 

central waist of the specimen was varied from 40 to 2200 deg/sec. 

The heating rates used in the experiments covered the range of 

heating rates actually encountered in the various modes of welding and 

soldering. In the case of welding, they lay in the range from 2000 to 

2500 deg/sec (for metal 1.0-1.5 mm thick), and in soldering they were 

no more than a few hundred degrees per second. 

After heating and cooling, the specimens were studied metallograph ­
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ically. The zone or onset of recrystallization was identified from the 

appearance of the first equiaxial-grain nuclei in the rolling texture. 

Knowing the distributions of temperature and heating rate along the 

specimen, we could determine the heating rate in this zone and the max­

imum temperature, for which we would take the temperature or initial 

recrystallization at the heating rat~ in question. 

The temperature interval bounding the zone of onset or working re­

crystallization (appearance of the first equ axial-grain nuclei in the 

texture) and its end was determined for niobium not only metallograph­

ically, but also from the change in microhardness. 

These same specimens were used to determine the influence of the 

time for which the metal was held above the recrystallization tempera­

ture (at various maximum temperatures) on grain size and the influence 

of grain size on hardness. 

The specimens were heated in an argon-filled airtight chamber. In 

the mechanical tests in the IMYeT-1 unit, the s~cimens were protected 

from oxidation by blowing argon through the nozzle . 

. .. , • • • • -
l v ... ' lplll/CM . 

Fig. 1. Influence of heating rate on teml)!'ature of onset of crystal­
lization in molybdenum (a), tantalum (b), tungsten (c) and niobium (d); 
the crosshatched region on diagrams a, band c corresponds to the scat­
ter of the temperature values obtained.-1) vn;gr' degrees/sec. 

The temperatures at points in the center part of the specimen were 
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measured with a tungsten-rhenium (W + 5~ Re; W + 20~ Re), and those 1n 

more remote regions with platinum-platinum-rhodium or chromel-alumel 

thermocouples; they were registered with an N-700 magnetoelectric oscil­

lograph. The thermocouple junction was welded by capacitor discharge 

into a hole drilled in the specimen. 

The experiments to determine the influence of heating rate on tre 

temperature at which recrystallization begins in molybdenum and tungs­

ten established that this temperature becomes higher in more rapid heat­

ing (Fig. 1, a, c). At comparatively moderate hea.ting rates (50 degree s/ 

/sec for molybdenum and 200 for tungsten), it is 1200 and 1300°, res­

pectively; with an increase in heating rate to 800 deg/sec, the onset 

temperatures of recrystallization rise to 1450 and 1700°, respectively. 

However, this increase does not continue without limit. When tungsten 

is heated raster than 500 deg/sec and molybdenum faster tha11 800 deg/sec , 

the onset temperature of recrystallization tends to a certain limiting 

value. 

Since the maximum heating rates in the experiments were close to 

those of arc welding, and the specimens were cooled in water (practi­

cally instantaneously), it may be assumed that it is impossible to 

avoid the appearance of a recrystallized zone in any of the methods 

used to weld molybdenum and tungsten by fusion. 

According to [2, 3], recrystallization of technical tantalum be­

gins at 1200° and is complete at 1800°. As the degree of deformation 

of tantalum varies from 2.5 to go~, the initial temperature of recrys- . 

tallization drops from 1300 to 1200°, reaching 1250° at 50~ deformation 

[ 4]. 

In welded constructions, as a rule, sheet tantalum or tubular bi l ­

lets with degrees of deformation ranging from 70 to 90% are employed. 

It may be assumed that working recrystallization begins at 1200° under 
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conditions of relatively slow heating and subsequent long holding times 

for such metal. 

Obviously, the very high heating ·rates encountered in welding 

should also influence the temperature of recrystallization onset in 

tantalum. Studies carried out on variable-section specimens indicated 

that as the heating rate varies from 100 to 600 deg/sec, the initial 

temperature of recrystallization rises from 1150 to 1270° (Fig. lb). In 

the range of heating-rate variation studied, tantalum, unlike molybde­

num and tungsten, showed no tendency to stabilization of the recrystal­

lization temperature in rapid heating. It may be assumed that as the 

heating rate is further increased, this temperature will also tend to 

some limiting value. 

r---9ffll :c.-=..~~.~ ., 
..... -Mt!M+--+-fll"'1 NJ 

1111--t~ 

, .. ~ ...... 
Fis. 2. Change in temperature intervals of recrystallization (a1 , a2 , 
a3) during heating of niobium at various rates, as follows in deg/sec: 
1) 250-300; 2) 460-520; 3) 800-880; a1 > a2 > a3. A) Hµ, kg/mm2. 

The low recrystallization-onset temperature (1150°) at low heating 

rates can be accounted for in terms of the use of purer tantalum than 

was the case in earlier studies. As we know, the degree of contamina­

tion of tantalum and niobium with impurities - first and foremost, .oxy­

gen and carbon - influences their recrystallization-onset temperature s 

to a significant degree. 

We established that as the heating rate of niobium is varied from 

280 to 860 deg/sec, its initial recrystallization temperature rises 

from 950 to 1175° (Fig. ld). On the diagram of Fig. lg, the middle sol-
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id line corresponds to the temperatures at which equ1ax1al-grain nuclei 

readily distinguishable under the microscoi:e form in the rolling tex­

ture. After the niobium has been heated to the temperatures indicated 

by the points on the lower curve and then cooled, its hardness shows a 

sharp decrease. This is associated with recovery processes and the on­

set of working recrystallization. 

The upper broken curve in Fig. lg corre sponds to the temperatures 

at which working recrystallization is practically complete throughout 

the entire volume of the m~tal, at which point grain growth begins. 

Here t he hardness is observed to stabilize. 

The temperature ranges of recrystallization as measured through 

the hardness change of the specimens after heating at various rates are 

shown in Fig. 2. 

With increasing heating rate, the temperature interval between the 
. 

onset and completion of working recrystallizatim becomes markedly nar-

rower as a result of a rise in the temperature of recrystallization on­

set. Here the structure of the metal at the end of recrystallization is 

found to be finer-grained. This phenomenon is accounted for as follows. 

The final grain size after recrystallization is determined by the ratio 

of the rates of two processes: new equiaxial-granule nucleation and the 

growth of these granules. Usually, the growth rate is higher than the 

nucleation rate, since the activation energy of nucleation is greater 

than that of growth. In rapid heating, however, the difference between 

the rates at which these processes advance becomes less marked. 

New equiaxial-grain nucleation takes place in those regions of the 

metal where the crystal lattice has been most severely distorted as a 

result of deformation. Consequently, the greater the deformation of the 

metal and the larger the type II and III stresses in it, the greater 

the number of nuclei that arises per unit of time. As the metal is heat­

- 6 -



ed, the recrystallization process is preceded by a recovery or relaxa­

tion process in which some of the lattice distortions due to thl stres­

ses are relieved. 

f,,•,--....--....--....---
A 

•..----+---+--

1111 -
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Fig. 3. Growth kinetics of 
molybdenum grain in heat­
ing: 1) Coarse grains; 2) 
medium; 3) fire. A) d, µ. 

The number of r~crystallization 

nuclei and the nature of the metal's 

vital structure depend on the duration 

of the recovery processes, i.e., in the 

last analysis on the heating rate: the 

shorter this time or the higher the 

heating rate to the recrystallization 

temperature, the less complete will be 

the relaxation processes and the finer 

should be the grain after working re­

crystallization has been completed. 

Thus, grain size after working recrystallization is determined by 

the number of nuclei formed under tregiven conditions in the tempera­

ture range at which recrystallization begins: the greater the number of 

nuclei, the smaller the final dimensions of the grain. 

In studying the kinetics of grain growth {cumulative recrystalliz­

ation) in molybdenum and tantalum during the welding heat cycle, flat 

rod specimens were heated and cooled on a predetermined cycle. When the 

required temperature had been reached, the specimens were cooled abrupt­

ly in water. 

It was established by metallographic analysis that under the con­

ditions of rapid heating, molybdenum shows marked grain growth (Fig. 

3) at temperatures above 16001. Above this temperature, together with 

new equiaxial-grain nucleation, we observe the growth of grains that 

had formed earlier. Their sizes increase by factors of approximately 

2-4. At temperatures above 2100°, the growth rate increases sharply, 
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with the area occupied by fine-grained regions diminishing and the 

transverse size of the coarse grains reaching 250-300 µ at 2200-2250°. 

The grain growth of tantalum does·not terminate when heating does, 

but continues even during cooling, although at a dimishing rate. On 

heating to 1200, the structure of tantalum still retains elements of 

the rolling texture (well-defined orientation of individual grain 

groups). Working recrystallization is complete at 1400° and cumulative 

recrystallization begins. As the temperature rises to 1800°, the grains 

reach considerable size (105 µ}, and on cooling from this temperature 

to 1625°, they reach the practical maximum (120 µ); on further cooling, 

the increase in average grain diameter is insignificant (less than 

132 µ}. 

The microhardness of these specimens was measured after cooling. 

Rapid ~rain growth during heating is accompanied by a considerable drop 

in the microhardness. 

To evaluate the ultimate changes in the structure and mechanical 

properties of molybdenum, tungsten, tantalum and niobium in the zone of 

the weld heat effect, specimens were heated and cooled in accordance 

with predetermined heat cycles. 

The results of the~e studies enable us to conclude that the most 

rapid molybdenum and tungsten grain growth is observed with short hold­

ing times above the recrystallization temperature (Fig. 4): for tungs­

ten les s than 1 sec at a maximum temperature of 1700°, less than 1.5 

sec at 1800°, less than 2 sec t'or 1900°; for molybdenum., less than 2 

sec at a maximum temperature of 1400°., less than 4 sec at 1600° and 

le s than 7 sec at 1800°. 

These data indicate that shortening the heating time is of value 

only for welding conditions under which the metal is heated to tempera­

tures near the melting point. In s~ldering with working temperatures in 
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Fig. 4. Influence of maximum heating temperature with various holding 
times above recrystallization temperature (T, secl on average grain 
size (d, µ} in molybdenum (a) and tungsten (b). A d, µ; B) T, sec. 

the 1600-2000° range, the duration of the process has little influence 

on the grain size of the ground metal. At higher working temperature s , 

the duration of the soldering process should be shortened, for example , 

by heating with high-frequency currents. 

Among all of the parameters of the heat cycle in the ranges in 

which they vary in actual welding regimes, heating temperature exerts 

the strongest influence on the growth processes of technical tantalum 

grain. When specimens are heat~d to 1600-2300° (heating time to tmax 

2.0 sec, cooling at a rate of 330-430 deg/sec), the average grain size 

increases from 10 to 160 µ. 

Variation of the heating rat e exerts less influence on the ulti­

mate grain dimensions over almost the entire zone of temperatures stud­

ied; for example, as the heating rate is reduced from 500 to 100 deg/ 

/sec, the grains grow by factors of approximately 1.2-2.0 (tmax = 21 20° , 

cooling rate 335 deg/sec). 
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Variation of the metal's cooling rate exerts the least influence 

on the final grain size. When the cooling rate is increased from 100 to 

400 deg/sec, the final grain size diminishes by a factor of 2 if the 

metal has been heated to 1600°, by a factor of 1.5 for 1200° and by a 

factor of 1.2 for 2360°. This .indicates that the influence of cooling 

rate on grain size becomes weaker as the maximum heating temperature 

is raised. 

Like tantalum, niobium is inclined to significant grain growth on 

heating to temperatures above the recrystallization temperature; how­

ever, the influence of the individual welding heat-cycle parameters on 

the final grain dimensions is somewhat different for this metal. 

This difference consists, firstly, in the fact that under certain 

condition; (rapid heating and very fast cooling), the grain size in nio­

bium is smaller at temperatures above 2100° than for tantalum. Secondly, 

the difference in the influence of heating and cooling rates is smaller 

than tantalum, all other conditions be same. The absolute influence of 

these parameters comes most distinctly into evidence at heating and 

cooling rates between 200 deg/sec, i.e., under the conditions of solder­

i ng heat cycles. Thirdly, grain size diminishes markedly as the cooling 

rate i s increased (Fig. 5). 

The manner of cooling affects the final grain size very strongly, 

particularly in the region of high temperatures (2120°), where it is 

possible, by abrupt cooling (445 deg/sec) of specimens that have been 

heated slowly (190 deg/sec) to obtain a finer grain than in specimens 

heatec at high speed (1200 deg/sec) but cooled slowly (24 deg/sec). 

Data on the influence of the individual parameters of the welding 

and soldering heat cycles on the final grain size in tantalum and nio-• 

bium are generalized in the form of recrystallization diagrams (Fig. 6) 

for the heat-cycle conditions of welding and soldering. 
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Fig, 5. Change in niobium grain size at various temperatures as a func­
tion of manner of heating and cooling: 1) Metal held above ~ecrystal­
lization temperature for 0.6-1.4 sec; 2) for 2.7-6.5 sec; the dot-dash 
line represents slow cooling and the dashed line abrupt cooling. A) 
d, µ. 

""" 
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18 

Fig. 6. Recrystallization 
diagram for niobium under 
conditions of weldin~ and 
soldering.A) d, µ; BJ V , 
de~rees/sec. nagr 

In contrast to the recrystalliza­

tion diagrams for isothermal conditions , 

these diagrams have been constructed 

using heating (cooling) rate, tempera-

ture and average grain size as coordin­

ates. The diagrams have been construct ­

ed for metal deformed to 70-90%, on the 

assumption that variation of the degree 

of deformation within this range does 

not markedly influence grain size up t o 

temperatures of the order of 2600° for tantalum and 2000° for niobium 

[ 4] . 

In the zone of variation of maximum temperature, heating rate and 

cooling rate corresponding to the soldering heat cycles, the influence 

of these parameters on the grain size in tantalum is not striking. Thus, 

a change in the maximum heating temperature corresponding to the solder­

ing working temperature from 1640 to 2000° results in an increase in 

average grain diameter from 25 to 100 µ, whi e reducing the rate of 
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heating to 1640° from 100 to 10 deg/sec increases it from 25 to 30-35 µ. 

Under the conditions of welding heat cycles, which are characterized by 

high maximum temperatures ranging up to the melting point, the influence 

of heating rate comes strongly into evidence. This permits us the c01-

clusion that in selecting a method and conditions for welding tantalum 

less than 2 mm thick, the basic parameter of the heat cycle that should 

be regulated to limit grain growth in the zone around the weld is the 

heating rate or the time spent by the metal above the recrystallization 

temperature during heating. 

""'""' •~-,---..---r---, 
A 

• 

' • 

-,~~~~--"!-~~-

c t.• 
Fig. 7, Stren~th (a) 
and hardness (b) of 
t antalum (1) and nio­
bium (2) as a function 
of grain size. A) ab, 

2 2 k~/mm; B) H, kg/mm; 
C) d, µ. µ 

In soldering of niobium, on the other 

hand, the rate of heating to the working tem­

peratures has a marked influence on the final 

grain size. For example, at a soldering tem­

perature of 1600°, a change in heating rate 

from 50 to 200 de.g/sec reduces the average 

grain r. lameter from 85 to 50 µ, or from 170 to 

115 µ at 1300°. At higher soldering tempera­

tures, this influence is less pron0unced. 

Under the conditions of niobium welding, 

only the heating temperature is of decisive 

importance, with the grain in this case grow­

ing approximately to the same size as in tan­

talum welding (about 150 µ on heating to 

2200° at a rate of 600 deg/sec). However, due to the higher tempera~ 

t ure s to which the weld zone is heated in welding tantalum~ the final 

grain size in thi s metal is 40-50 µ larger than in niobium. 

Cooling rate exerts a marked influence on the final grain size in 

ni obi um only in the high-tem9erature region; for example, as the cool­

ing rat e i s varied from 100 to 600 deg/sec after heating to 2100 and 
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1600°, the grain dimensions decrease from 110 to 70 and from 35 to 25 µ , 

re spectively. 

At the present time, the literature presents no specific informa­

t ion on th, influence of grain size on the mechanical properties of tan­

t a l um and niobium. However, it has been demonstrated on other metal s 

[5) that this effect may be qutte considerable. 

The relationship between the strength and hardness of technica l 

t antalum and niobium and the grain size was determined in thi s s tudy on 

specimens that had been heated to various maximum temperature s . Aft er 

such treatment, the specimens were tensile-tested at room temperat ure 

(Fig. 7). For tantalum, an increase in average grain diameter from 20 

to 350 µ results in a decrease in ultimate strength from 52-58 to 37 -3 

kg/mm2 and a decrease in microhardness from 180-220 to 140-142 kg/mm2. 

With increasing grain size, the scatter of the mechanical-property da 

and that of ha~dness in particular, diminishes noticeably. 

For niobium, strength drops from 35-55 to 5-6 kg/mrn2 when the grai 

·i ze increases from 10 to 240 µ; the hardness diminishes from 160-190 u 

120-145 kg/mm2 as the grain is enlarged from 5 to 120 µ, with the sharp­

et drop in hardness taking place in the 5-to-40-µ grain-size interval ; 

s the grain size increases fu r ther, we observe a stabilization of ha rd­

ness . 

Data on the influence of the individual welding and soldering hea l ­

cyc l e pa rameters on the recry stallizati on and grain-growth proce s se 

ungs ten, molybdenum, tantalum and niobium enable us to conclude t hat 

in welding the se metal s it will obvious ly not be poss ible to prevent 

the appearance of a region with very coarse grain in the zone of the 

weld heat ef fect - a regi on that possesses low me chanical prope r tie • a s 

a result. For tantalum and ni obium, we should expec t a decrea se in t h 

st rength of the welded joint by 32-40% with re spect to t he bas ic meta l . 

- 13 -
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To reduce the extent of coarse-grained zones in welding up tanta­

lum structures, welding should be conducted with small energies per unit 

length (with high currents and high welding speeds), or the heat sources 

used should ensure deep penetration and concentrated heating, as does 
• 

the electron beam. Since tantalum is more strongly inclined to grain 

enlargement than is niobium, the cooling rate exerts a weaker influence 

on the final grain dimensions in the zone around the welded joint ln 

tantalum. Hence no special measures are required to regulate cooling 

conditions in welding tantalum. 

Everything said concerning sharp concentrated heating in welding 

tantalum applies in full to niobium as well. In contrast to the case of 

tantalum, it is helpful in welding niobium to take ~uppl~mentary measures 

that contribute to more rapid cooling of the welded joint. 

Niobium and niobium-based alloys should be welded at higher-than­

usual speeds, using various heat-dissipating expedients in the process 

(cooled backing strips, copper overlays, and the like). 

Conclusion. In the rapid heating encountered in welding, the ini­
tial recrystallization temperatures of molybdenum and tungsten rise by 
250 and 400°, respectively, tending toward some limiting value. For 
tantalum and niobium, this temperature rise amounts to 120-150 and 170-
200°. 

Under the conditions of rapid heating, considerable grain growth 
i s observed in molybdenum at temperatures above 1600°. Cumulative re­
crystallization proceeds most rapidly as the heating temperature is in­
creased. As the molybdenum is held for longer times above the recrys­
t allization temperature during heating, grain growth is observed when 
thi s hclding phase is short. Hence it is of value to shorten the dura­
tion of heating only for welding conditions under which the basic metal 
is heated to temperatures near the melting point. In soldering with 
working temperatures below 1600°, the duration of the process has little 
effect on the grain size of the ground metal. At higher soldering temp­
erature s , i t i s advisable to heat with high-frequency currents. 

Among all of the parameters of the welding heat cycle, that exert-
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lng the strongest influence on the processes of grain growth in tanta­
lum and niobium ls again the heating temperature, followed in order of 
importance by the holding times above the recrystallization temperature 
in heating and cooling. Hence these metals must be welded with heavy 
current s and at high speeds, or sources that ensure highly concentra t ed 
heating and deep penetration (electron beam) should be used. 

The recrystallization diagrams constructed for tantalum and nio­
bium on the basis of these studies for heating conditions approximating 
those of welding and soldering enable us to specify optimum working 
parameters that will ensure, for a given welding or soldering proce ss , 
minimum grain size in the zone of t he heat effect and the smallest pos ­
sible size of this zone. 

1 . 
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[Footnotes] 

The work was done in the Welding Processes Theory Laboratory 
of the A.A. Baykov Metallurgical Institute under the super­
vision of Corresponding Member of the USSR Academy of Sciences 
N.N. Rykalin. 

[Transliterated Symbols] 

= IMYeT = Institut metallurgii = Metallurgical Institute 

= nagr = nagrev = heating 
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