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ABSTRACT 

EFFECT OF STRESS STATE ON HELIUM BUBBLE KINETICS DURING 

WELDING OF HELIUM-CONTAINING MATERIALS 

Chin-An Wang 

Catastrophic centerline interdendritic fractures in the 

fusion zone and intergranular cracking in the heat-affected 

zone have been observed in helium-bearing materials using 

the conventional gas tungsten arc welding process. 

generated from (n-a) reactions in a nuclear reactor, 

nucleates and grows to form bubbles which subsequently grow 

and coalesce rapidly along grain boundaries subjected to a 

tensile stress at elevated temperatures. This study 

investigated the threshold helium concentrations required to 

cause weld cracking and developed techniques to eliminate 

helium-induced weld cracking in irradiated materials. 

Helium, 

Severe heat-affected zone cracking occurred in type 316 

stainless steel containing 1.5, 5.2 and 9.7 appm He, 

introduced by tritium charging and decay. 

visible to the naked eye, were found to occur in up to 72% 

of the total weld length. Fusion zone cracking was also 

observed in steels with He concentrations as low as 2 . 5  

appm. 

Macrocracks, 

No cracking was found in either the fusion zone or 

v 



heat-affected zone in the welds with 0.7 appm helium. The 

threshold He concentrations required to cause welding 

cracking in type 316 stainless steel was predicted at 0 .9  

appm. Fusion zone cracking was also found in PCA alloy with 

11.4 appm He concentrations. No cracking was observed in 

HT-9 steel with up to 2.5 appm He concentrations. Severe 

fusion zone cracking was also observed in type 316 stainless 

steel, 6.9 appm He, and PCA alloy, 6 . 3  appm He, irradiated 

at 200°C in Oak Ridge Research Reactor. 

A stress-modified gas tungsten arc welding technique 

was developed which minimizes the effects of helium-induced 

weld cracking. The application of a compressive stress, 

about 25% of the yield stress, during welding was found to 

effectively suppress the weld cracking observed in 

conventional welding process. Cracking was eliminated with 

a compressive stress about 75% of the yield stress. 

Electron microscopy showed that grain boundary helium bubble 

growth was retarded by the applied compressive stresses and 

the bubbles may not reach the critical size leading to 

catastrophic cracking. The results indicate that the 

stress-modified welding technique may be used to suppress 

and control helium-induced cracking during repair welding of 

irradiated materials. 

Vi 
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I. INTRODUCTION 

The exposure of metallic materials, such as structural 

components of the first wall and blanket of a fusion 

reactor, to neutron irradiation will induce changes in both 

the material composition and microstructure. 

these changes can come a corresponding deterioration in 

mechanical properties resulting in premature failure. 

is, therefore, essential to expect that the repair and 

replacement of the degraded components will be necessary. 

Such repairs may require the joining of irradiated materials 

through the use of fusion welding processes. 

Along with 

It 

The present ITER (International Thermonuclear 

Experimental Reactor) conceptual design is anticipated to 

have about 5 km of longitudinal welds and ten thousand pipe 

butt welds in the blanket structure. A recent study by 

Buende et al. [l] predict that a failure is most likely to 

occur i n  a weld. Although they do not state this as a 

conclusion because of uncertainties in the input data and in 

the analysis, their study indicates that the ITER will have 

a 97% down-time. The study is based on data from other 

large structures, particularly nuclear 

used also appear to be consistent with 

reactors. The data 

the operating 

1 
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experience of the Fast Flux Test Facility (FFTF). This 

reactor has a fuel pin area comparable with the area of the 

ITER first wall and has experienced one unanticipated f u e l  

pin failure after two years of operation. 

has many more welds and critical blanket structures of far 

higher complexity than found in fission reactors. 

A fusion reactor 

The study from Buende et al. indicates the necessity 

fox  an effort to design a more reliable structure. The 

authors recommend three approaches: improvement of 

manufacturing quality of the welds, load reduction and 

separation by removing welds from areas with multiple loads, 

and reduction of the number of critical welds. The above 

recommendations are important to building a reliable fusion 

device. However, another essential improvement that follows 

from such studies is that there must be removable blanket 

modules, spare modules, and most important, a method of 

repair for the inevitable failures. 

that is addressed in the present study. 

It is the latter issue 

The repair of irradiated structures using fusion 

welding will be difficult due to the entrapped helium. 

Helium is primarily generated by the reactions of thermal 

neutrons and alloying constituents in the metal, principally 

with nickel. and boron: 

58Ni + 91 _ _ _  > 5 9 ~ i  -t- y 

> 56Fe f 4 H e  5 9 ~ i  + n -__ 
log .+ n --_ > 'Li f 4He 
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Due to its extremely low solubility in metals, helium 

will diffuse and agglomerate to form helium bubbles after 

being trapped at point defects, dislocations and grain 

boundaries. It has been known for several decades that the 

degradation of irradiated materials at elevated temperature 

is partially exacerbated by the presence of helium. 

temperature, helium bubbles have been shown to grow rapidly 

along grain boundaries under the influence of both 

temperature and stress [2-53. This situation is found 

typically in autogenous welding upon cooling. Internal 

tensile stresses are generated due to the volume contraction 

upon solidification and subsequent thermal contraction in 

the solid state. 

At high 

Welding of neutron-irradiated type 304 stainless steels 

has been reported with varying degree of heat-affected zone 

(HAZ) cracking [6-151. Catastrophic heat-affected zone 

intergranular cracking following gas tungsten arc (GTA) 

welding was also observed by Lin et al. in type 316 

stainless steel with doped helium levels greater than 2.5  

appm [16-201. Centerline interdendritic fractures in the 

fusion zone have also been observed in GTA welds of alloys 

containing greater than 100 appm helium. The H A Z  fracture 

surfaces were fully decorated by cavities about 1 pm in 

diameter. These severe failures are attributed to the 

growth of helium bubbles at the HAZ grain boundaries and 

weld dendrite interface. 
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The objectives of this study were to determine the 

threshold helium concentrations required to cause HAZ 

cracking and to investigate techniques that might be used to 

eliminate the heat-affected zone cracking in welding of 

helium-containing materials. The welding techniques need to 

be identified to enable repair and maintenance of the first 

wall of a fusion reactor through GTA welding. This work 

studied the effects of the stress field modification during 

cooling by the application of a controlled compressive 

stress perpendicular to the weld direction prior to welding. 

The applied stresses readily change the stress state of 

grain boundaries and alter the growth kinetics of grain 

boundary helium bubbles. This study primarily focused on 

materials of type 316 stainless steel doped with helium by 

tritium charging and decay. Some work was a lso  included for 

tritiated Sandvik HT-9 steel and prime candidate alloy (PCA) 

and neutron irradiated steels. 



11. LITERATURE FU3VIEW 

Effect of Neutron Irradiation on Materials 

It is known that high energy neutrons impinging on 

materials can degrade structural components. The 

deterioration of materials is a consequence of the 

interactions between the fast neutron and the lattice atoms 

as shown in Figure 1 [ 2 4 ] .  The threshold energy for atomic 

displacement of atoms in metals is generally between 10 and 

30 eV [25]. When the high energy neutrons, 14 MeV, bombard 

the metal, they transfer the energy into lattice atoms 

causing atomic displacements and formation of vacancies. 

The process continues until the recoil energy is less than 

the threshold energy for atomic displacement. Another 

significant effect, resulting from the neutron irradiation, 

is the production of transmuted atoms, such as helium, in 

the metal. These foreign atoms modify the microstructure 

and therefore change the mechanical properties. Another 

source of helium production in fusion facilities is by 

tritium decay. Due to the inert nature, helium atoms can 

agglomerate, nucleate and grow into bubbles within metals 

and lead to premature failure. 

5 
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neutron 

Figure 1. The interaction of high energy particles with the 
nuclei of a solid lattice can lead to (a) displaced lattice 
atoms (interstitials) and vacancies and to (b) transmutation 
products (e-g. He-nuclei created by (n,a) reactions) [ 2 4 ] .  
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Formation of Helium Bubbles 

The formation energy f o r  helium interstitial solution 

in metals is found to be much higher than the corresponding 

energy f o r  vacancy substitutional solution [24,26]. 

However, even for the more energetically favorable 

substitutional solution, the equilibrium concentration is 

found to be extremely small [ 2 6 , 2 7 ] .  This low solubility 

promotes the precipitation of He atoms into clusters or 

bubbles which deteriorates the mechanical properties of the 

material. 

Investigations have shown that the formation of helium 

bubbles in metals occurs primarily by three mechanisms: 

self-interstitial emission [28-311, loop punching [32,33] 

and thermal vacancy absorption [ 2 4 ] .  In the self- 

interstitial emission mechanism, studies show that the 

interstitial helium atom clusters produce considerable 

elastic strain and are capable of ejecting lattice atoms 

[28-311. Helium bubbles can nucleate simply by the 

repetitive emission of self-interstitial atoms even without 

the thermal or radiation induced vacancies. Deep sinks such 

as impurities and dislocations have been shown to 

effectively enhance the nucleation of helium bubbles in 

metals [34,35]. 

In the loop-punching mechanism, when the pressure of a 

helium bubble exceeds a threshold value, vacancies can be 

created by punching out a platelet of lattice atoms along a 
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glide plane. This mechanism is called loop punching 

proposed by Greenwood et al. [32]. In this process, the 

over-pressurized bubbles can produce their own vacancies and 

interstitial dislocation loops by pressure relaxation. The 

threshold pressure required for loop punching is given by 

where p is the helium bubble pressure, r is the bubble 

radius, ys is the surface energy of bubble, p is the shear 

modulus of the solid and b is the length of the Burger's 

vector of the resulting dislocation loop. Both self- 

interstitial emission and loop punching are favored at lower 

temperature. 

At elevated temperature, bubble formation by vacancy 

absorption becomes significant due to high equilibrium 

vacancy concentrations. Because of the high binding energy 

with vacancies, helium atoms tend to agglomerate at vacancy 

sites. Helium bubble nucleation is enhanced and 

preferentially located at the grain boundaries, dislocations 

and precipitate interfaces [24]. 

Misration Mechanisms of Helium i n  Stainless Steel 

Results from experiments and computer simulations [26] 

suggest three migration mechanisms for the diffusion of 

helium in metals: 
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(1) The migration of helium atoms via jumps between 

interstitial positions as shown in Figure 2a. However, 

Ullmaier [24] pointed out that free interstitial migration 

will only be observed in lattices that are free of vacancies 

and other traps for helium. Since extensive vacancies and 

dislocations are formed during neutron irradiation, only the 

following two mechanisms are assumed to be relevant f o r  

materials in a fusion environment. 

(2) Helium atoms can migrate by the vacancy mechanism 

which occurs in most substitutional alloys as shown in 

Figure 2b. For T < 0.6 T,, it is found that the stationary 

concentration of irradiation-induced vacancies in a fusion 

environment is higher than the thermal vacancy 

concentration. This will enhance the migration by the 

vacancy mechanism and make the diffusion coefficient less 

temperature-dependent than in the purely thermal case. 

(3) If the He-vacancy binding is not strong and the 

vacancy formation energy is high, the substitutional He 

atoms are able to dissociate from vacancies and then migrate 

interstitially until they are trapped again as shown in 

Figure 2c. This process is referred to as impeded 

interstitial migration. 

Growth of Helium Bubbles 

After the nucleation, helium bubbles can grow by 

migration and coalescence [36-411 and Ostwald ripening 
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Figure 2. Three possible mechanisms of helium atom 
diffusion through the lattice by (a) interstitial migration, 
(b) vacancy mechanism, and (c) impeded interstitial 
migration [26]. 



11 

[ 4 2 - 4 4 1 .  

the helium bubbles or by biased migration, such as in the 

presence of a thermal or stress [45-531 gradient. Ostwald 

ripening occurs when a system reduces overall surface free 

energy and by the growth of larger bubbles at the expense of 

smaller ones. 

The coalescence can occur by random migration of 

Basically, the cavity (helium bubble) growth on grain 

boundaries can be divided into two types: unconstrained and 

constrained [19]. In the case of unconstrained growth, 

cavities are present on all the grain boundaries and are 

free to grow as shown in Figure 3a. 

growth case, cavities are present preferentially on grain 

boundaries normal to the applied constraints as shown in 

Figure 3b. 

In the constrained 

During the welding process, the kinetics of grain 

boundary helium bubble growth in the HA2 can be divided into 

three regimes as shown in Figure 4 [16,19]. Regime I is the 

heatup period before the temperature reaches the melting 

point. During this regime, compressive stress is produced 

due to the thermal expansion of the plate. Regime I1 

represents the period of peak temperature when the molten 

pool is present. This regime is stress-free. Regime I11 

begins when the weld solidification takes place and tensile 

stresses are generated due to solidification shrinkage. 

During the first regime, grain boundary helium bubbles 

can grow by the absorption of thermal vacancies. However, 
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(a) UNCONSTRAINED 
CAVITY GROWTH 

(b) CONSTRAINED 
CAVITY GROWTH 

t t t  * 

Figure 3. 
and (b) constrained cavity growth [19]. 

Illustration of (a) unconstrained c a v i t y  growth, 
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Figure 4. 
boundary cavity growth mechanisms during welding (161. 

Schematic representation of changes in grain 
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compressive stresses generated in this regime will tend to 

retard the helium bubble growth at grain boundaries normal 

to the compressive stresses. Therefore, the growth of grain 

boundary helium bubbles during welding occurs primarily in 

the regimes I1 and 111. 

During regime 11, grain boundary bubbles grow by the 

mechanism of thermal vacancy absorption. As stated 

previously, this process is favored at temperatures close to 

the melting point where the equilibrium vacancy 

concentration is high. Helium bubble growth in regime I1 

predicted by Lin et al. [16,19] is given by 

where Rii is the bubble radius a f t e r  regime 11, Ri is the 

bubble radius at the end of: regime I, 6& is the grain 

boundary thickness, Q is the atomic volume, D, is the grain 

boundary vacancy diffusivity, C, is the equilibrium vacancy 

concentration, and at is the elapse time in regime 11. 

In regime 111, the stress generated during welding 

changes to tensile due to the molten metal shrinkage during 

solidification and thermal contraction during cooling. The 

magnitude of internal tensile stresses will be enhanced if 

lateral external constraint is applied during welding. In 

this stage, the helium bubbles grow primarily by stress 

enhanced cavity growth. Atoms are transported from the 
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cavity surface to the adjoining grain boundary. Stress- 

assisted grain boundary cavity growth can be described by 

the following equation [46] based on Hull-Rimmer's model: 

where K is Boltzmann's constant, a is the average bubble 

spacing, R is the bubble radius, T is the temperature, 0 is 

the atomic volume, irgb is the grain boundary thickness, 0, is 

the thermal stress, and D,, is the grain boundary vacancy 

diffusivity. 

Stresses which Occur durins Welding 

In fusion welding, material is locally heated by the 

heat source to above its melting temperature, then 

solidifies and cools down. When the welding process is 

completed, residual strains resulting from the process 

remain in regions near the weld and therefore generate 

residual stresses. Dimensional changes associated with 

solidification of the weld metal, thermal contraction during 

cooling, metallurgical transformations and plastic 

deformation all contribute to the generation of residual 

stresses and distortion of a weld. 

Figure 5 is a schematic which describes the changes of 

temperature and typical resulting stresses that occur during 

welding [50]. The area, cross-hatched region M-MI in Figure 
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a. Weld 
b. Temperature Change C. Stress ax 

Figure 5. 
temperature and stress during welding [ 5 4 ] .  

Schematic representation of changes in 
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5a, near the heat source is subjected to high temperature 

and undergoes plastic deformation during fusion welding. 

Beyond this plastic deformation area, the material remains 

elastic during the entire process. The heat source moving 

along the x-axis is indicated by the origin 0 as shown in 

Figure Sa. Temperature changes at cross section A-A, f a r  

ahead of the heat source, are relatively small and therefore 

introduce little or no thermal stress. 

Along section B-B, which crosses the molten pool, the 

material is locally heated above the melting temperature and 

experiences a rapid change in the temperature distribution 

across the weld as shown in Figure 5b-2. Since the molten 

metal does not bear any stress, and the nearby metal 

expansion is restricted by the cooler metal away from the 

weld pool, the thermal stress changes from zero stress at 

the weld pool to a compressive state at the high temperature 

area and to a tensile state at metal away from the pool as 

shown in Figure 5c-2. 

In the  section C-C, as the heat source passes through, 

the molten metal solidifies and cools down subsequently. 

Weld metal contraction generates tensile stresses in the 

nearby regions as shown in Figure 5b-3. The thermal 

stresses now go from tensile at regions close to the weld to 

compressive and then diminishing tensile at regions f a r  from 

the weld centerline (Figure 5c-3). At the D-D section, far 

behind the heat source, the metal cools down and temperature 
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changes again near zero. However, the stresses due to the 

thermal cycle are high in tension around the weld and 

compressive away from the weld as shown in Figure 52-4. 

This is a typical stress distribution across the weld after 

fusion welding. 

Influence of Helium on Material Properties 

It has been known that mechanical properties, such as 

tensile, fatigue and creep, will be adversely affected by 

the presence of helium especially at elevated temperature 

[55-781. The degradation of material properties may cause 

premature failure during service. The failure is normally 

intergranular and exhibits dimple structure on the fracture 

surfaces as a result of helium bubble growth at grain 

boundaries. TEM observations have shown that precipitate 

interfaces, dislocations and grain boundaries are favorable 

sites for the formation of large He bubbles. Figure 6 shows 

TEM micrographs of HA2 helium bubbles associated with 

dislocations and grain boundaries in type 316 stainless 

steel containing 256 appm He. 

Fatigue properties of solution annealed type 316 

stainless s tee l  w e r e  only slightly degraded at temperatures 

below 500°C after He-implantation up to about 1000 appm. 

However, reductions in fatigue life were observed w i t h  He- 

implantation at higher temperature [24,57,58] .  Figure 7 

shows the effects of He-implantation and testing temperature 
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Figure 6. 
dislocations and grain boundaries [19]. 

TEM micrographs of helium bubbles associated with 
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Figure 7. Effects of He-implantation and testing 
temperature on the fatigue properties of type 316 stainless 
steel [58]. 
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on the fatigue properties of type 316 stainless steel. SEM 

observations showed grain boundaries were heavily perforated 

by helium bubbles after fatigue tests. Helium bubbles 

accompanied with radiation-induced voids can also cause 

materials to expand and distort due to swelling. The 

dimensional change due to the formation and growth of voids 

and helium bubbles has became a critical issue for materials 

to be used in irradiation environments [66,69,71,72]. 

Among the various effects of helium-induced degradation 

on the material properties, embrittlement is considered to 

be most critical [74-791. For most materials, He- 

embrittlement begins at temperatures about 45% of the 

absolute melting temperature and intensifies with increasing 

temperature. In neutron irradiated austenitic stainless 

steels, helium embrittlement starts at around 500°C and is 

fully present at 550°C [ 7 9 ] .  Rramer el al. [74] observed a 

loss in tensile ductility at temperatures above 540 and 

650°C respectively for materials subjected to a 

precipitation heat treatment from the solution annealed and 

cold-rolled type 316 stainless steels containing 40 appm 

helium concentration. 

ductility of type 304 stainless steel was also observed even 

at helium concentrations as low as 0.1 appm [75]. 

Significant loss of high-temperature 

Helium embrittlement in alloys is mostly due to the 

nucleation and growth of helium bubbles at grain boundaries. 

Failure is normally characterized by an intergranular 
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fracture mode. Tensile test results of the neutron 

irradiated type 316 stainless steels showed a significant 

decrease in total elongation with increasing He content 

[ 59 ,63 ,80 ] .  The embrittlement resistance can be improved by 

the introduction of fine stable carbide precipitates in the 

matrix or at the grain boundaries [80-921. Titanium- 

modified type 316 stainless steel showed much less 

sensitivity to helium embrittlement than the unmodified 

materials by trapping helium bubbles on the fine 

precipitates. Ductile fracture occurred in titanium- 

modified type 316  stainless steel at temperatures below 

45OoC, while intergranular failure was observed above 575°C 

due to excessive bubble growth at grain boundaries. 

Embrittlement resistance can also be improved through the 

introduction of dislocation network by cold-work 

[80,87,91,92]. Precipitates and dislocations effectively 

trap helium bubbles and thus suppress the helium-induced 

embrittlement as well as swelling. 

Degradation of mechanical properties was also observed 

in steels into which helium was introduced by tritium 

charging and decay [8,11,19]. Results of tensile tests of 

as-doped and welded type 316  stainless steels, containing 

from 0.18 to 256 appm He concentration, are shown in Table 1 

and 2 .  Type 316 stainless steel did not show any sign of 

helium-induced strengthening with up to 256  appm He in the 

as-doped condition. A significant increase in the 0.2% 
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Table 1 

Tensile test data of unwelded type 316 
stainless steel [19] 

0.18 

2.5 

27 

105 

20 588.2 231.4 41.9 
500 480.9 127.6 29.0 
600 454.1 111.1 27.9 
700 322 . 1 96.4 17.6 

20 595.0 232 e 3 41.8 
500 480.0 121.1 27.2 
600 450.3 140.7 25.7 
700 335.1 103.5 16.9 

20 549.7 190.1 37.8 
500 481.2 141.0 25.0 
600 458.3 117.4 25.1 
700 372.7 123.0 15.9 

20 583.0 244.5 39.8 
500 494.0 149.0 27.1 
600 456.1 121.0 26.1 
700 328.4 126.4 11.3 
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offset yield strength (YS) was found in steels with up 

1 0 5  appm helium after welding compared to the as-doped 

materials. However, the welds with 256  appm He showed 

to 

the 

lowest yield strength as shown in Table 2. 

tensile strength (UTS) was found insensitive to the presence 

of helium up to 256 appm at room temperature in the as-doped 

condition. Nevertheless, the UTS decreased after gas 

tungsten arc welding which Lin attributed to grain boundary 

helium bubble growth. Both yield strength and ultimate 

tensile strength decreased with increasing temperature in 

both as-doped and welded conditions. The total elongation 

decreased to less than 2% f o r  type 316 stainless steel with 

greater than 2.5 appm doped helium after welding as shown in 

Table 2. 

The ultimate 

Similar deteriorations in material properties were also 

observed in ferritic steels [19]. Tensile test results of 

HT-9 ferritic steel doped with 0.3 and 1 appm helium are 

shown in Table 3. All the specimens failed in the base 

metal region. Yield strength and ultimate tensile strength 

of the as-doped and welded materials were insensitive to the 

presence of helium at these levels. Both strengths 

decreased with increasing temperature in all conditions. 

Total elongation was also found insensitive to helium up to 

1 appm concentration. Contrary to that in type 316 

stainless steel, the total elongation in HT-9 steel 

increased with increasing temperature. However, the welded 
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Table 2 

Tensile t e s t  data of welded type 316 
stainless steel [19] 

Helium Temperature UTS 0.2% YS Elongation 
(appm) ("C) (MPa) (MPa i) (%i) 

Controla 

0.18a 

2.5b 

2 7" 

105b 

20 
20 

500 
500 
600 
600 
700 
700 

560.2 
569.1 
387.5 
408.9 
369.7 
357.3 
325.0 
291.0 

351.2 17.8 
347.8 18.5 
244.2 7.2 
2 3 2 . 5  10.3 
222.3 6.0 
211.0 8.1 
197.5 7.7 
175.0 9.1 

20 518.5 358.1 10.4 
500 370.1 241.8 8.1 
600 361.0 224.0 8.6 
700 262.0 198.0 3.2 

20 428 . 3 356.9 2.9 

20 386.0 386.0 0 .2  
500 296.4 266.8 0.6 
600 262.8  227.6 1.2 
700 200.0 191.0 0.3 

2 oa 404.0 373.0 1.5 
500 261.9 253.9 1.4 
600 253.1 244.1 0.6 
700 199.6 191.5 1.2 

256" 

aSpecimens failed in the fusion zone. 
"Specimens failed in the fusion boundary. 
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Table 3 

Tensile test d a t a  of HT-9 steel [19] 

Contro l  20  
20  

500 
500 
600 
600 
700 
700 

1001.2 
1013.8 
869.5 
845.3 
654.0 
670.3 
425.5 
447.8 

835.0 
866.9 
777.0 
760.8 
616.0 
622.4 
414.2 
422.8 

4.7 
5*4 
3.0 
3.2 
7.4 
7.0 
10.5 
12.2 

0.3 20 1034.5 903.3 6.1 
500 760.8 695.1 4.5 
600 653.4 604.0 5.5 
700 409.0 399.7 9.1 

Controla  20  

500 
500 
600 
600 
700 
700 

2 Ob 
983.0 
965.3 
815.6 
739.4 
756.4 
'713.0 
418.2 
475.7 

895.4 
890.1 
765.8 
708.6 
701.6 
676.0 
408.2 
464.5 

5.5 
0.7 
4.2 
1.8 
3.4 
3.8 
7.2 
6.2 

0.3a 2 Ob 961.0 827.0 0.3 
500 795 ., 7 736.4 1.6 
600 688.6 633.4 3.9 
700 372.6 356.8 8.7 
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specimens exhibited lower total elongation than as-doped 

materials due to limited base metal available for the 

plastic deformation at the gage section. 

Fracture resistance is also affected by helium in 

alloys. Results of room temperature J-integral tests from 

Caskey's study on several high-energy-rate-forged (HERF) 

alloys are shown in Figure 8 [93]. Helium was introduced 

into these alloys by tritium charging and decay. Fracture 

toughness decreased rapidly with increasing helium content 

and reached a lower bound at 300-400 appm helium 

concentration. Among all the tested alloys, HERF type 316 

stainless steel showed the best resistance to the helium- 

induced degradation. Caskey also showed that the presence 

of tritium in alloys could further degrade the mechanical 

properties due to complex interaction between tritium and 

helium atoms. 

Weldability of He-Containins Materials 

Investigations on the welding of irradiated materials 

have been reported at several occasions [6-15,94,95]. Hall 

et al. [7] welded thin wall type 304 stainless steel tubing 

which was irradiated in Experimental Breeder Reactor-I1 

(EBR-11) at temperatures between 454°C and 487°C to fast 

fluences ranging from 1.38 x l o z 6  to 7.51 x l oz6  n/m2 (E > 0.1 

MeV). The welds were made using only a small constraint to 

hold the parts together while welding in the hot cell. 
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Figure 8. Helium-induced fracture toughness reduction in 
various alloys [ 9 3 ] .  



29 

Intergranular cracking was observed in the HAZs of a small 

fraction of these specimens. The He concentration of these 

materials was not measured but was estimated to be between 3 

to 15 appm. 

Atkin [ 7 4 ]  performed gas tungsten arc welding of 20% 

cold-worked type 316 stainless steel that had been 

irradiated in EBR-I1 at 4 0 0 ° C  to a peak fluence of 1.26 x 

loz7  n/m2 (E > 0.1 MeV). The welds were made on materials 

taken from reactor coolant ducts and were welded in an 

unconstrained condition. Based upon known irradiation 

conditions and measurements on materials seeing similar 

irradiation conditions, the helium content of the material 

was estimated to be between 4 to 25 appm. After welding the 

specimens were bend tested. Visual examination indicated 

the welds were sound and free from cracks. However no 

detailed examination or further analyses were conducted. 

Hamada et al. [95] have also reported welding of 10% 

cold-worked type 316 stainless steel that was taken from 

wrapper tubes irradiated in J O Y 0  at 395-410°C to a maximum 

helium content of 9 appm. GTA welds with filler metal 

additions were made on strips similar in configuration to 

the specimens prepared by Atkin [74]. The section which was 

being welded was allowed to float freely during welding. 

Welded specimens appeared to be sound. Tensile specimens 

taken from the weld region failed in the heat affected zone 

and showed a loss in ductility. Intergranular cracking was 
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observed in the heat-affected zone, which was attributed to 

the helium bubble growth during welding. 

Recently efforts were initiated to repair stress- 

corrosion cracks in a neutron irradiated type 304 stainless 

steel reactor vessel at the Savannah River Site [8-1-53. 

Patches were gas tungsten arc welded over the stress- 

corrosion cracks in a vessel which was measured to contain 3 

appm of helium. Previous repairs of a similar vessel 

earlier in life had been successfully performed [6], the 

major difference being the increase in helium content due to 

further irradiation exposure. Examinations after welding 

revealed extensive cracking in the HAZ of the patch welds. 

Analyses indicated that the cracking was associated with 

helium bubble growth at the grain boundaries in the heat 

affected zone, Similar results were observed by Kanne et 

al. in welds of a sample from the R-reactor tank wall [12]. 

Helium level in this material is 30 appm following 12 years 

of reactor operation. Heat-affected zone cracking was 

intergranular and had a tendency to run perpendicular to the 

wall surfaces [11,12]. 

In order to avoid the difficulties associated with hot 

cell operation and reduce radiological hazards, welding was 

carried out on helium-doped materials by Lin et al. [16-201. 

In the experiment, materials were charged with tritium at 

elevated temperatures and high pressures. The tritium was 

then allowed to decay to helium and then the excess tritium 
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was pumped off. In their study, type 316 stainless steel 

and HT-9 ferritic steel with various helium concentrations 

were produced and tested using the gas tungsten arc welding 

process. 

materials for near term fusion reactor structural 

applications. Results from their study showed that 

catastrophic intergranular heat-affected zone cracking 

occurred in type 316 stainless steel with as low as 2.5 appm 

He concentration. Video-taping revealed that cracking 

occurred at 1 to 2.2 seconds after passage of heat source 

during welding. Figure 9 shows the HAZ cracking on type 316 

stainless steel with 2.5 appm doped helium. The HA2 

fracture surfaces are fully decorated with uniformly 

distributed cavities about 1 pm in diameter. This cracking 

is attributed to the growth of helium bubbles at grain 

boundaries. As the helium concentration exceeded 105 appm, 

brittle fusion zone interdendritic cracking was also 

observed due to helium bubble precipitation at the dendrite 

interfaces as shown in Figure 10. 

Both steels are being considered as candidate 

Severe fusion and heated-affected zone cracking were 

also reported by Lin and Braski in the vanadium alloy, V- 

15Cr-5Ti, with 25.6 appm He introduced by tritium charging 

and decay [96]. SEM observation revealed that large pores 

decorated the fusion zone fracture surfaces indicating 

helium bubble coalescence and growth during welding. The 

fracture of the vanadium alloy indicates that it is more 
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Figure 9. Cracking of as-welded type 316 stainless steel 
with 2.5 appm helium [19]. 
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Figure 10. Structure of as-welded type 316 stainless steel 
with 105 appm helium. (a) Brittle fracture in fusion and 
heat-affected zones, (b) HAZ intergranular fracture, (c) 
Dimple structure on the HAZ fracture surfaces, (d) Fusion 
zone interdendritic fracture surfaces [19]. 
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susceptible to fusion zone cracking than helium-doped type 

316 stainless steel, which did not crack in fusion zone with 

27 appm He concentration. Weld cracking observed in helium- 

doped V-15Cr-STi is shown in Figure 11. Compared to the as- 

doped alloy, the dislocation loop density in the matrix of 

welded V-15Cr-5Ti was found to be greatly reduced by thermal 

annealing during welding. Lin and Braski suggested that the 

dislocation loops introduced by neutron irradiation may only 

play a minor role in the welding of neutron irradiated 

materials. 

HA2 cracking was also observed at prior-austenite grain 

boundaries in ferritic HT-9 steel doped with 1 appm helium 

concentration [19]. However, the cracking was only limited 

to the beginning of the weld. No cracking was found in HT-9 

steel with 0.3 appm helium concentration. Figure 12 shows 

the HAZ cracking in HT-9 steel containing 1 appm He 

concentration. The HAZ crack facets also revealed dimple 

structure as observed in type 316 stainless steels due to 

helium bubble growth at grain boundaries. 

Based upon the experimental results, Lin concluded that 

a critical. combination of high temperature and stress is the 

key factor in controlling the severe cracking during 

welding. The grain boundary helium bubbles, which nucleated 

and formed during the charging period, grow rapidly during 

welding until the reduced contact areas of the grain 
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Figure 11. Microstructure of as-welded helium-doped V-15Cr- 
5Ti alloy. (a) Welding cracking in fusion and heat-affected 
zones, (b) SEM micrograph of HAZ intergranular fracture, (c) 
Dimple structure on the HA2 fracture surfaces [96 ] .  
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Figure 12. Structure of as-welded HT-9 with 1 appm He. 
(a) Intergranular fracture along prior-austenite grain 
boundaries, (b) Grain boundary facets decorated with 
uniformly distributed dimples [19]. 
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boundaries can no longer bear the shrinkage-induced tensile 

stress and lead to the final brittle rupture. 

Evidence has been shown in a high temperature aging 

experiment to support the finding of the effect of stress on 

weld cracking [19]. TEM disks and tensile test specimens of 

type 316 stainless steel containing 256 appm helium were 

heat treated at 800, 900, 1050 and 1300°C for one hour. 

Results of the TEM observation on these aged materials are 

shown in Table 4. In general, helium bubbles decreased in 

density and increased in size with increasing aging 

temperature. At higher temperature, thermal vacancy 

concentration and diffusivity are both increased and enhance 

the bubble coalescence and growth. No cracking was observed 

in all the aged materials. This was consistent with the 

hypothesis that the high temperature alone is not sufficient 

to cause the cracking during welding. Results of tensile 

tests revealed ductile transgranular fracture for the 

materials aged below 1300°C. Contrarily, it was 

predominantly intergranular fracture for specimens aged at 

1300"C, and the fracture surfaces were decorated with 

dimples due to helium bubble growth at grain boundaries. 

All specimens maintained relatively high total elongation, 

greater than 35%, while the welded specimens generally 

failed with less than 2% elongation as shown in Table 2. 

Figure 13 shows the tensile properties of type 316 stainless 

steel containing 256 appm He after one hour aging. 
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Table 4 

Helium bubble density and size after one hour aging 
at high temperature for type 316 stainless 

steel containing 256 appm He [19] 

1300 0.11 86.5 0.31 124.9 

1050 2.01 39.5 0.56 39.0 

900 2.30 13.0 0.57 18.3 

800 4.20 7.8 4.10 5.3 

a,,, 
D, 
0,b 

D,b 

= density of matrix helium bubble 
= diameter of matrix helium bubble 
= density of grain boundary helium bubble 
= diameter of grain boundary helium bubble 
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Figure 13. Results of room temperature tensile tests of 
type 316 stainless steel containing 256 appm helium after 
aging [19]. 
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Results from a welding simulation reported by Robinson 

[ 9 7 ]  provided further evidence of the combined effects of 

high temperature and stress on weld cracking. Type 304L 

stainless steel containing 256 appm He, by tritium charging 

and decay, was subjected to transient thermal cycles similar 

to that which occurred in the HAZ of a GTA welding process. 

The experiment was carried out using a Gleeble 1500 testing 

machine with various peak temperatures. Room temperature 

tensile tests on the simulated HAZ structure showed no sign 

of deterioration in properties for steel subjected to 1073K 

peak temperature thermal cycles. The fracture surfaces 

exhibited 100% ductile mode with fine uniform dimples on 

large shear lips. However, severe property degradation was 

observed when peak temperature was increased to 1473K and 

the fracture mode became 90% intergranular with little 

reduction in area as shown in Figure 14. The fracture 

facets were decorated with dimples due to grain boundary 

helium bubble growth. 

increased thermal vacancies, it also increased thermal 

stress and enhanced the bubble growth rate. 

Higher peak temperature not only 

Reduction of Weld Crackinq 

Cracking susceptibility of helium-charged type 304 

stainless steel is reduced by using a low heat gas metal arc 

(GMA) weld overlay technique [12-15,981. Figure 15 shows a 

schematic representation of the weld overlay process. Welds 
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Figure 14. Percentage of reduction of area as a function of 
peak annealing temperature in helium charged type 304L 
stainless steel [ 9 7 ] .  
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LONGITUDINA HELIUM-GEARING 
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Figure  15. Schematic representation of weld overlay 
process [ 981 . 
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were produced using 38 to 64 J/mm2 heat inputs on steel 

charged with He ranging from 2.7 to 221.1 appm. The weld 

penetration into the underlying base metal produced by this 

process was only about 0.076 mm. This low penetration weld 

was intended to minimize the volume of material beneath the 

weld that was heated to high temperature. The shrinkage 

stresses generated by the overlay weld were considerably 

different from those established by the conventional welding 

processes. Metallography results showed that toe-cracking 

experienced in the conventional stringer welds was 

eliminated by the overlay technique. In spite of no toe- 

cracking, underbead intergranular cracking was observed and 

became significant with higher helium concentrations. 

Room temperature tensile tests of the overlay welds 

were also reported by Kanne et al. [15] The axis of tensile 

specimens, 3.175 mm in diameter by 12.7 mm long gage 

section, was perpendicular to the weld overlay surface. 

Studs were resistance welded onto the overlay surface before 

specimens were machined. The yield strength changed 

slightly with increasing He concentration while the ultimate 

tensile strength decreased slowly to about half of the 

initial value as shown in Table 5. A sharp drop in 

reduction of area was observed for type 304 stainless steel 

with about 3 5  appm helium concentration. Specimens failed 

in a completely brittle fracture mode when the helium 

concentration increased to 221.1 appm as shown in Figure 16. 



Table 5 

Results of tensile test of overlay weld f o r  type 304 
stainless steel [15] 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Helium Samples Yield Ultimate Elong.@ Elong. @ Reduction 
Content Averaged Strength Strength Max. Load Max. Load of Area 
(appm) (No.) ( K s i )  ( K s i )  ( % I  (%I (%I 

0 1 52.9 90.0 27.7 42.1 81.6 

3 3 54.2 84.2 16.8 36.6 78.8 

9 2 56.4 88.2 16.9 30.9 68.8 

17 3 53.2 86.3 19.3 36.6 76.6 

22 2 58.3 87.8 18.7 33.2 65.5 

49 4 58.4 84.4 10.8 11.4 27.2 

85 2 58.0 70.5 4.1 4.1 7.1 

147 3 49.0 54.4 1.6 1.6 7.8 

220 1 43.3 44.1 0.5 0.5 0.0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Figure 16. 
reduction of area in type 304 stainless steel [15]. 

E f f e c t  of doped-helium on the tensile test 
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The pronounced drop in reduction of area was attributed 

to the change in failure location from base metal to heat- 

affected zone, where excessive bubble growth occurred. 

Similar results were also observed by Goods and Karfs 

[98] using the same shallow penetration overlay process on 

type 304 stainless steel charged with helium ranging from 

2.7 to 85 appm. In their process, a 0.6 to 1.5 mm thick GMA 

rnpadtt of filler metal, type 308L stainless steel welding 

wire, was welded onto the helium-bearing material. Low heat 

inputs, 54.4 and 60.5 J/mm2, were used in the welding 

process. The resulting fusion boundary penetrated only 0.1 

to 0.2 mm into the underlying metal. Extensive heat- 

affected zone cracking was observed in all the welds. 

Cracks were intergranular and preferentially oriented normal 

to the overlay fusion boundary. Detailed SEM examinations 

revealed dimple structure on the HAZ crack facets, a 

characteristic of high temperature helium-induced weld 

cracking. Figure 17 shows the transverse section of HAZ 

cracking below the weld overlay in type 304 stainless steel 

with 85 appm He concentration. Cracking was also found to 

extend into the weld overlay itself. Fusion zone cracking 

also exhibited dimple structure. However, the extent of 

weld cracking was significantly reduced compared to that of 

the conventional stringer bead welds as shown in Figure 18. 

No toe cracking in overlay welds was observed as in the 

other studies using the same technique [12-151. Goods 
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L 
t 

Figure 17. 
process. (a) Intergranular HA2 cracking, (b) Intergranular 
facets reveal dimple structure at higher magnification [ 9 8 ] .  

Underbead cracking in the overlay welding 
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Figure 18. Total weld cracking is effectively reduced in 
overlay welding process compared to conventional stringer 
bead welding process [98]. 
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and Karfs also demonstrated that the extent of weld cracking 

depended upon the heat input: the higher heat input during 

welding the more severe weld cracking. 

stringer bead welding results in deeper penetration and 

higher shrinkage stresses and therefore is more susceptible 

to weld cracking. 

Conventional 

The cracking tendency during welding of helium-bearing 

materials varies from alloy to alloy. 

chemical composition and fabrication processes a11 

contribute to the susceptibility of weld cracking 

Table 6 gives a comparison for various alloys on the GTA 

weld cracking tendency. Among which type 304 stainless 

steel produced using rapidly-solidified-processing (RSP) 

shows best resistance to the helium-induced weld cracking, 

while solution annealed type 316 stainless steel the worst. 

The comparison of HAZ cracking among different alloys is 

shown in Figure 19. 

Microstructure, 

(191. 
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Table 6 

Comparison of helium-induced weld cracking 
tendency among various a l l o y s  [19] 

SA 316 SS 2.5 0.79 High 

20%CW 316 SS 2.0 0.06 Low 

S A  PCA 2.0 0.0017 Very Low 

RSP 304 SS 7.0 0.0 None 

HT-9 1,O 0.009 Very Low 
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SA 316 SS Yuf2Ea  

20% CW 316 SS 

Figure 19. Comparison of weld cracking tendency of 
austenitic stainless steels containing 2 appm helium. (a) 
Solution annealed type 316 stainless steel, (b) 20% cold- 
worked type 316 stainless steel (c) Solution annealed prime 
candidate alloy [19]. 



111. EXPERIMENTAL PROCEDURES 

Materials 

The materials investigated in this study include three 

candidate alloys for the first wall and blanket structural 

components for a fusion reactor: austenitic type 316 

stainless steel, the titanium modified austenitic steel, 

PCA, and the ferritic steel, Sandvik HT-9. 

Type 316 stainless steel is known to have excellent 

corrosion and oxidation resistance. In addition, it does 

not suffer the ductile-to-brittle transition with decreasing 

temperature as do most body-centered-cubic steels. A large 

data base of fabrication, production and application 

experience are readily available that make type 316 

stainless steel a major candidate alloy for the near-term 

fusion reactor structural applications. However, type 316 

stainless steel does suffer severe degradation after neutron 

irradiation, such as swelling [24,72] and helium-induced 

embrittlement [24,55,74-771. This structural instability 

has lead to the development of the titanium modified 

austenitic steel, PCA. The finely dispersed precipitates, 

titanium carbides, within PCA trap helium bubbles and reduce 

the bubble growth rate and stabilize the structure. Similar 

52  
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radiation resistance is found in ferritic steel, HT-9. 

Voids and helium bubbles are trapped by the subgrain lath 

structure, dislocations, and carbide precipitates. 

Furthermore, HT-9 steel also shows higher thermal 

conductivity and lower thermal expansion than austenitic 

stainless steel, which are favored in a fusion environment. 

The chemical compositions of the three alloys are shown in 

Table 7 .  

All materials investigated in this study were 0.76 mm 

thick sheet metals, Type 316 stainless steel from the 

Liquid Metal Fast Breeder Reactor (LMFBR) program, heat 

8092297, was used in this experiment. The steel was 

solution annealed at 1050°C for one hour in an inert 

atmosphere. PCA was solution annealed for one half hour at 

1 1 O O " C ,  aged eight hours at 8OO0C,  and then received a 25% 

cold roll into the final 0.76 mm thickness. HT-9 steel, 

Combustion Engineering Co. heat 9607-R2, was solution 

annealed at 1050°C for one half hour in an inert atmosphere 

and then air cooled. The steel was then tempered at 700°C 

for one hour in an inert atmosphere followed by air cooling. 

Tempered martensite was obtained f o r  HT-9 steel after these 

treatments. Table 8 shows the processes of heat treatment 

received by materials investigated in this study. 
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Table 7 

Chemical compositions of type 316 stainless steel (Reference 
H e a t  8092297), HT9 (Heat 9607-R2) and PCA steels 

Element (wt%) 316 SS PCA HT9 

C 
Mn 
Si 
Ni 
CW 
Mo 
V 
P 
S 
Ti 
N 
W 
Al 
co 
cu 
Pb 
Sn 
B 
Fe 

0.057 
1.86 
0.58 
13.48 
17.25 
2.34 

0.024 
0.019 
0.02 
0.03 

-- 

-- 
-- 
0.02 
0.10 
0.003 
0.004 
0.0005 
Balance 

0.05 
1.7 
0.4 

16.2 
14.0 
2.4 

0.01 

0.24 

-- 
-- 
-- 
-- 
e- 

-- 
Balance 

0.2 
0.57 
0.17 
0.51 
12.10 
1.04 
0.28 
0.016 
0.003 
0.001 
0.027 
0.45 
0.006 

-- 
Balance 
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Table 8 

Heat treatment processes 

Steel Heat Treatment 

316 SS solution annealed 1 h at 1050°C 

PCA solution annealed 0.5 h at 1100°C 
f aged 8 h at 800°C f cold worked 25% 

HT-9 solution annealed 1 h at 1050 "C 
+ tempered 1 h at 700°C 



56 

Helium-Dopinq Process 

In order to reduce the radiological hazard and 

difficulty of hot cell operations, the tritium trick 

technique [99-1021 was used to introduce helium inta alloys 

to study the effects of helium on irradiated materials. In 

this technique, tritium was first charged into specimens at 

elevated temperature in a pressurized vessel and then 

allowed to decay into helium. Tritium is chemically 

identical to hydrogen and has a high diffusivity in metals. 

Therefore, it is relatively easy to diffuse tritium into 

alloys at elevated temperature and under pressurized 

conditions. Although radiation damage in neutron irradiated 

materials is far more complicated than in the tritium 

charged alloys, it is considered an advantage to isolate the 

helium effects from the others such as the displacement 

damage. 

Helium is generated by tritium decay according to the 

following reaction: 

The radioactive half life of tritium is 12.34 years. The 

beta particles from the above reaction have an average 

energy of 5.6 keV and a maximum energy of 18.6 keV. The 

recoil energy, about 14 eV, associated with the beta decay 

from tritium is negligible. This energy is well below the 
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threshold energy required to cause atomic displacement in 

most metals. Figure 20 shows a schematic representation of 

the helium doping process. 

The following radioactive decay equation is used to 

calculate the helium concentration of a tritium charged 

specimen: 

-(dN/dt) = AN 

where 

N = total number of tritium atoms, 

t = decay time, 

A = decay constant, O.693/t,, 

t, = tritium half life, 12.34 years. 

Therefore, the helium concentration resulting from tritium 

decay can be expressed as,' 

where: 

CHeIt = He concentration after time t, appm, 

CTli = initial tritium concentration, appm. 

In this study the tritium was introduced into alloys at 

371°C and 0.8 MPa pressure. Tritium concentration will 
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Figure 20. 
process. 

Schematic representation of the helium doping 
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reach saturation in the alloys within a few hours under 

these conditions. After tritium charging, the alloys were 

kept at low temperature, about O'C, until the desired helium 

concentrations were obtained and then the excessive tritium 

was removed by placing the specimens in a vacuum vessel at 

450°C and 6.7 x Pa pressure. Helium-doping conditions 

is listed in Table 9 .  

It is necessary to mention that after the completion of 

the helium-doping process, severe tritium contamination was 

found on the material surfaces. This is attributed to 

tritium being entrapped in the oxide layers on the 

material's surface. The surface contamination was found to 

be very resistant to removal. The author found that the 

most effective way to reduce the surface contamination was 

to physically remove the surface oxide layers by grinding 

with Sic paper. 

The concentration of helium, 3 H e ,  generated by tritium 

decay was determined by gas mass spectrometry [103-1051. 

All the helium analyses in this study were performed by 

Rockwell International, Canoga Park, CA. At least two 

duplicate specimens were examined for each specimen to 

investigate the analysis reproducibility and helium 

homogeneity. Helium, 3He,  was extracted by fusing the 

helium-containing alloys in the mass spectrometer system's 

high-temperature vacuum furnace. By adding a known quantity 

of 4 H e  as a spike and measuring the ratio between 3 H e  and 
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Table 9 

Helium doping conditions 

1 0.7 0.8 371 30 

2 1.4 0.8 371 60 

3 4.2 0.8 371 180 

4 8.4 0.8 371 360 

a. Excessive tritium were removed at 450°C and 6.7 x 
Pa. 
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4He, the helium content generated from tritium decay can be 

obtained along with the known specimen weight. The mass 

spectrometer was calibrated for mass sensitivity during each 

series of runs by analyzing known mixtures of 3He and 4He. 

Gas Tunqsten Arc Welding Process 

According to the model proposed by Lin et al. [16,19], 

the growth of grain boundary helium bubbles should be 

significantly reduced by a change in the stress state during 

cooling of a weld. To investigate this hypothesis, a 

hydraulic weld plate fixture system, as shown in Figure 21, 

was constructed to enable applying a controlled compressive 

stress perpendicular to the weld during welding. 

Single pass gas tungsten arc (GTA) welding was 

conducted under constrained conditions to simulate the 

structural restraint encountered in practical repair and 

maintenance. Welding was performed at 10 V-DC and 24 A for 

type 316 stainless steel and PCA, while the welding current 

was increased to 28 A for HT-9 steel. The torch travel 

speed was 3.2 rnm/s. Welding was performed under a 

protective argon atmosphere with a gas flow of 1.57 x 

m3/sec from the torch and 7.87 x m3/sec from the back of 

the weld plates. Full penetration welds were made using 2% 

thoriated tungsten electrodes 1.6 mm in diameter. Specimen 

surfaces were cleaned with acetone before welding to prevent 

contamination. Two plates, start and runoff plates, of 
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. -  

Figure 21. Hydraulic weld plate fixture system. 
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similar material were placed in front and back of the weld 

plates so a uniform weld could be obtained for the entire 

length of helium-containing plates. 

input was 75.6 J/mm for type 316 stainless steel and PCA 

whereas it was 8 8 . 2  J/m for HT-9 steel. The heat input 

produced a full penetration weld approximately 3 mm wide. 

Table 10 shows the machine settings used for this study on 

the Miller 300P welding power supply (by Miller Electric 

MFG. Co., Appleton, WI). The gas tungsten arc welding 

parameters used to produce full penetration welds for 

various steels are shown in Table 11. 

The resulting heat 

TemDerature Measurement durins Weldinq 

As described in the previous section, the combined 

action of high temperature and thermal stress causes severe 

weld cracking during welding of helium-containing materials. 

Welding inevitably introduces thermal stresses due to the 

expansion and contraction of the weld plate as temperature 

changes throughout the process. It is, therefore, necessary 

to analyze the dynamic changes of temperature during welding 

to enable the calculation of thermal stress and hence the 

grain boundary bubble growth. 

K-type thermocouples, Chrome1 and Alumel, were used to 

measure the temperature profile at the heat-affected zone 

during welding. 

onto the type 316 stainless steel before welding. The 

Thermocouple junctions were spot welded 
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junction was carefully positioned such that it was very 

close to the fusion boundary but did not break off of the 

plate during welding. Voltage readings from the 

thermocouple were acquired and stored dynamically in the 

memory of a Nicolet 3091 digital ocilliscope (by Nicolet 

Instrument Corp., Madison, WI.) during welding. The data 

were later retrieved from the ocilliscope memory using a 

personal computer for temperature conversion via an RS-232 

serial connection as described in appendix A .  

Mechanical Properties Characterization 

Tensile Tests 

Sheet tensile tests were conducted to investigate the 

mechanical properties of the welds. 

across the weld were produced using a punch and die, The 

tensile axis was perpendicular to the welding direction. 

The weld was in the center of the gauge section, 7.62 mm 

long by 1.52 mm wide by 0.76 mm thick. 

schematic for the sheet tensile specimen, fusion program 

type SS-3. 

Sheet tensile specimens 

Figure 22 shows the 

Tensile properties are known to be sensitive to the 

strain rate, defined as the ratio of crosshead speed divided 

by the gage length, during tensile tests. Materials 

subjected to a higher strain rate tend to have higher yield 

strength and ultimate tensile strength. Ductility, on the 

other hand, typically decreases as strain rate increases, 
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ORNL- OWG 84- 14010R 

W, = 1.52 mm 
W2= 0.025 TO 0.038 mm 
GREATER THAN W, 

DIMENSIONS IN MILLIMETERS 

Figure 22. Schematic representation of an SS-3 tensile 
specimen. 
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and materials are prone to fail by brittle fracture. In 

this study, tensile tests were performed with a strain rate 

of 5 x lo-' s-l. All tests were conducted at room 

temperature. 

Microhardness Tests 

Diamond pyramid microhardness (DPM) was measured across 

the weld to evaluate the microstructure-property 

relationship. The measurement of microhardness also gives 

an indication of the effect of helium on the strengthening 

of materials. A Micromet 3 microhardness tester (by Buehler 

Ltd., Lake Bluff, IL) was used with 500 grams load and 15 

seconds dwell time. The spacing between each measurement 

was 0.203 mm, and measurements were not made closer than 

0.203 mm from the specimen edges. 

Microscopy 

Optical Microscopy 

Optical microscopy was used to examine the 

microstructure of the steels across the weld. Samples w e r e  

cut across the weld using an Isomet diamond low speed saw 

(by Buehler Ltd.). 

resin and hand ground and polished before chemical etching. 

The etching solution for the type 316 stainless steel was a 

mixture of hydrochloric acid and nitric acid in a five to 

one ratio. PCA was electrolytically etched using a 10% 

Specimens were then mounted in epoxy 
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aqueous oxalic acid solution. For HT-9 steel, the etching 

solution was a mixture of 9% nitric acid, 1% hydrofluoric 

acid and 90% water by volume. 

Scannina Electron Microscopy I SEMI 

A scanning electron microscope, JEOL JSM-35CF (by JEOL 

Ltd., Tokyo, Japan), was used to examine weld integrity and 

fracture mechanisms. Disk specimens prepared for TEM 

observation were also examined using SEM to investigate the 

preferred orientations of grain boundary bubble growth. 

Cracking susceptibility of steels was evaluated based on the 

total crack length observed on the SEM photographs. Cavity 

size on the fracture surfaces was calculated from the SEM 

photographs to evaluate the grain boundary helium bubble 

growth during welding. All specimens were cleaned using 

methanol and acetone before examination. 

Transmission Electron Microscopy TEM) 

Transmission electron microscopy was used as the 

primary tool for the helium bubble observation. TEM foils 

were prepared from the 3 nun diameter disks punched out from 

the heat-affected zone. The disks were carefully positioned 

such that the final thinned hole position would be located 

about 200 pm away from the fusion boundary, where the HA2 

cracking was most likely to occur. The punched disks were 

hand ground to about 0.125 mm thick using up to 600 grit Sic 
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papers and then electrolytically thinned using a Tenupol 3 

thinning machine (by Struers A/S,  Copenhagen, Denmark). The 

electrolytic thinning solution was a mixture of sulfuric 

acid and methanol in a one to seven ratio. All thinning 

processes were conducted at 20 V, 120 mA and 0°C. 

2000FX transmission electron microscope (by JEOL Ltd.), 

capable of up to 200 kV accelerating voltage, was used in 

this study for a l l  the TEM examinations. 

the microscope were calibrated using a standard 60021 

replica grid (2160 lines/mm) . 

The JEM 

Magnifications of 

TEM Foil Thickness Measurement 

The quantitative analysis of helium bubbles requires an 

accurate knowledge of the TEM foil thickness. 

pair technique [106-1081 was used in this study f o r  the TEM 

foil thickness measurement. Grain boundaries, twin 

boundaries and other planar defects extending through the 

TEM foil and showing sharp contrast were used for the foil 

thickness measurement. 

The stereo- 

In the stereo-pair thickness measurement technique, the 

incident electron beam was assumed to be parallel and 

therefore result in parallel projections of the object, 

tilt angle of 10 degrees between micrographs was used in 

this study. By carefully aligning the electron beam, it was 

possible to have an accuracy within 5% for the f o i l  

A 
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thickness measurement [107,108]. The TEM foil thickness, t, 

was calculated with the following equation: 

t = p/(2M*sin(8/2)) 

where 

P = parallax of micrographs, 

M = magnification of the micrographs, 

8 = the total tilt angle of the stereo pair. 

The parallax, p, is an average of three measurements for 

each stereo pair. 

taken under identical diffraction conditions. 

All the stereo-pair photographs were 

Quantitative Bubble Analysis 

Helium bubbles are known to nucleate and grow 

preferentially at the high energy sites, e.g., stacking 

faults, dislocations and grain boundaries. Examinations of 

helium bubbles were usually conducted on TEM micrographs 

with under-focused images. With this focusing condition, a 

bubble appears as a white dot surrounded by a dark Fresnel- 

like ring. 

only the white portion of the image. 

bubble diameter, VAD, was calculated according to the 

following equation [105]: 

The bubble diameter was then measured across 

The volume-average 
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VAD = ( XNiDi3/XNi) 

where 

Ni 

D i  

= total number of bubbles in size class i, 

= mean bubble diameter of size class i. 

The density of helium bubbles, f i r  was calculated from 

the following equation: 

where 

Nb 

t = foil thickness, 

A = area of the TEM micrograph. 

= total number of helium bubbles, 



IV. EXPERIMENTAL RESULTS 

Temperature Profile durinu Welding 

It is known that the welding process produces steep 

thermal gradients and leads to non-uniform thermal 

expansion. Thermal stresses, which result from the 

dimensional changes, cause voids/cavities at grain 

boundaries to grow and leads to premature failure. It is 

necessary to know the temperature as a function of time 

during welding to calculate the thermal stress, diffusivity 

and hence grain boundary bubble growth. The dynamic change 

in temperature at the heat-affected zone, T(t), adjacent to 

the fusion boundary, was measured using K-type thermocouples 

during gas tungsten arc welding. 

Figure 23 shows the temperature history of a region in 

the heat-affected zone during GTA welding of type 316 

stainless steel. Temperature was measured in the heat- 

affected zone at a distance of 0.25 mm from the fusion 

boundary. This corresponds to the region where final 

failure occurs in the helium containing specimens, a 

distance of approximately three grain diameters from the 

fusion boundary. 

welding was then curve fitted (using the Table Curve program 

The temperature data measured during 
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from Jandel Scientific) to obtain an equation which could 

then be used in the subsequent helium bubble growth 

analysis. 

region of the heat-affected zone can be described as: 

The dynamic temperature history of the specified 

T (t) = exp [ ( a+ct+et2) / ( l+bt+dt2+ft3) 3 

where T(t) = temperature at time t, K, 

t = instantaneous time during welding, sec, 

a = 5.774993, 

b = -0.25759204, 

c = -1.5058468, 

d = 0.020198644, 

e = 0.12530994, 

f = 9.2443251~10-~. 

Helium-Charuinq 

Helium content of the tritium-tricked materials was 

determined by isotope-dilution gas mass spectrometry, 

performed by Rockwell International, Canoga Park, CA. The 

results of the helium measurements are given in Table 12. 

Helium concentrations are listed in atomic parts per million 

atom fraction) with respect to the total number of 

atoms in each material. Although some significant 

variations were observed, the results of helium 

concentration measurements were in general agreement with 
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Table 12 

Helium concentration in tritium-charged steel samples 

II Helium Concentration (appm) 

Batch No. 11 316 S S  I PCA-B3 I HT-9 

4 II 9 . 7  I 11.4 2.5 
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the preliminary estimated values based upon charging 

conditions. The alloy PCA-B3 had the highest helium 

concentration under the same doping conditions and showed 

the best helium homogeneity. The ferritic alloy HT-9 had 

the lowest helium concentration and showed some 

heterogeneity within individual specimens. Type 316 

stainless steel showed the highest levels of heterogeneity 

in helium concentration within each specimen. Localized 

impurities which trap helium may be the cause of 

heterogeneity observed in helium concentrations. 

Helium concentrations were also measured after welding. 

Specimens of welded type 316 stainless steel, containing 5.2 

appm He, showed no change in helium concentration in both 

the heat-affected zone and base metal, However, helium 

concentrations decreased 21% to 4 . 2  appm, in the fusion 

zone. 

Optical - Microscony 

Type 316 stainless steel, heat 8092297 from the Liquid 

Metal Fast Breeder Reactor (LMFBR) program, was annealed at 

1050 "C for one hour in an inert atmosphere, A mixture of 

hydrochloric acid and nitric acid in a five to one ratio was 

used to etch the samples for optical microstructure 

examinations. Figure 24 shows the as-welded austenitic 

structure of type 316 stainless steel after GTA welding. 

This particular heat of steel was found to have stringers 
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C 

Figure 24. Microstructure of type 316 stainless steel after 
gas tungsten arc welding. (a) fusion zone (b) HAZ (c) base ’ 

metal. 
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dispersed in the matrix as shown in Figure 25. 

identified as MnS, by x-ray microprobe analysis. 

of this impurity varied significantly from specimen to 

specimen. These impurities act as nucleation sites for 

helium bubbles and as helium traps and are probably 

responsible for the heterogeneity found in helium 

concentration measurements. 

They were 

The extent 

PCA is a 14Cr-16Ni-2.5Mo-0.25Ti-O.4Si-O.55C, in weight 

percent, austenitic stainless steel whose composition was 

developed for void swelling resistance in a neutron 

irradiation environments [log]. The specimen group B3, 

composed of PCA alloy, was solution annealed for one half 

hour at llOO°C, aged at 800°C for eight hours, and then 

cold-worked 25 percent. The aging process produced 

dispersed fine MC precipitates which was patterned to reduce 

void swelling. Figure 2 6  shows the as-welded microstructure 

of PCA-B3. The solution used f o r  etching was a mixture of 

hydrochloric acid and nitric acid in a five to one ratio. 

HT-9 steel, heat 9607-R2, was first solution annealed 

at 1050°C for one half hour in an inert atmosphere then air 

cooled. The steel was then tempered for one hour at 700°C 

in an inert atmosphere and then air cooled. The resulting 

microstructure was tempered martensite structure as shown in 

Figure 27. The HT-9 was etched using a mixture of 9% nitric 

acid, 1% hydrofluoric acid and 90% water by volume. 
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Figure 25. Type 316 stainless steel has stringers dispersed 
in the matrix. 
microprobe analysis. 

They were identified as MnS, by x-ray 
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Figure 26. Microstructure of PCA-B3 alloy after gas 
tungsten arc welding. (a) fusion zone (b) HAZ (c) base 
metal. 
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b 

C 

Figure 27. 
tungsten arc welding. (a) fusion zone (b) HAZ (c) base 
metal. 

Microstructure of HT-9 steel after gas 
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Weld Intesritv 

Autogenous bead-on-plate full penetration welds were 

made on all the materials using the conventional gas 

tungsten arc welding process in an argon atmosphere. The 

welding direction is normal to the material's rolling 

direction. An optical microscope was used initially to 

investigate the general integrity of a weld. Detailed 

analyses were later performed using scanning electron 

microscopy. 

No cracks were found in type 316 stainless steel with 

0.7 appm He following the standard GTA welding process, 

while severe heat-affected zone cracking, visible to the 

naked eye, occurred in steels with helium concentrations of 

1.5 appm. Catastrophic fusion zone cracking was found in 

steels containing 5.2 and 9.7 appm helium. Figure 28 shows 

the weld cracking of type 316 stainless steel containing 5.2 

appm helium using the standard GTA welding process. 

The extent of cracking varied from weld to weld. 

Fusion zone macrocracks, visible to the naked eye, varied 

from 0 to 72% of the total weld length, while heat-affected 

zone macrocracks varied from 0 to 84% of the total weld 

length as helium concentrations increased from 0.7 to 9.7 

appm. Microcracks, as shown in Figure 29, were always 

distributed in the heat-affected zone parallel to the 

welding direction about 200 urn from the fusion boundary in 

standard welds of type 316 stainless steel. The overall 
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Figure 29. 
316 stainless steel, 9.7 appm He. Cracking .occurs 
perpendicular to stresses developed during cooling. 

Microcracks in the heat-affected zone of type 
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average weld cracking in type 316 stainless steel using the 

standard GTA welding process is shown in Table 13. Weld 

cracking increased as the He concentration increased as 

shown in Figure 30. 

Less susceptibility to weld cracking was found in 

helium-containing PCA alloy when welded using the standard 

GTA welding process. Macrocracks, visible to the naked eye, 

were observed only at the fusion zone with up to a maximum 

cracking of 17% of the total weld length in one particular 

weld. However, cracks were found at all levels of helium 

concentration: 3.9, 6.0 and 11.4 appm. Only a few 

microcracks were found in the heat-affected zone regions f o r  

PCA-B3 alloy. Table 14 shows susceptibility to weld 

cracking of PCA alloy using the standard GTA welding 

process. Among all three materials investigated in this 

study, HT-9 steel showed the least susceptibility to weld 

cracking. No cracking was observed in the steel with up to 

2.5 appm helium concentrations using the standard GTA 

welding process. 

Stress Effects 

As a compressive stress was applied during welding of 

helium containing materials, weld integrity improved 

significantly. Compressive stresses were applied via a 

hydraulic jack mounted on the welding table. 

stress levels were measured using a series of 5 strain gages 

The applied 
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Table 13 

Susceptibility to weld cracking of type  316 stainless 
steel, standard GTA welding process 

0.7 0 0 0 5 

1.5 5 0 5 5 
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Table 14 

Susceptibility to weld cracking of PCA alloy, 
standard GTA welding process 
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attached to a type 316 stainless steel plate, Gage No.3 was 

located at the center of the welding line and gages No. 1 

and 2 were located at the beginning end of the plate while 

gages No. 4 and 5 were at the other end. Figure 31 shows 

the schematic for the hydraulic jack pressure calibration. 

The applied stress levels generated by the hydraulic jack 

were calculated from the readings of the strain gages. 

Figure 32 shows the results of the hydraulic jack pressure 

calibration. Note that gage No.5 was damaged during setup 

so data from it were not included. Generally, a linear 

relation was observed between the pressure readings obtained 

from hydraulic jack and measured strains, until the 

calibration plate started to buckle at about 180 MPa. 

As the applied compressive stress was increased in the 

modified welding process, heat-affected zone cracking 

decreased. The stress level required to eliminate weld 

cracking increased with increasing helium concentrations. 

Heat-affected zone cracking totally vanished at a 

compressive stress level of 165 MPa €or type 316 stainless 

steel in this study a5 shown in Table 15. A compressive 

stress of 55 MPa was found to be sufficient to suppress the 

severe through thickness cracking found in the fusion zone. 

In the case of PCA alloy, cracking was totally 

eliminated by the application of a 55 MPa compressive stress 

during welding as shown in Table 16. 
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Strain Gage 

/ 

F i g u r e  31. Hydraulic jack pressure calibration. 
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Stress 

0 0 

55 0 

110 0 

165 0 

i 

Table 15 

Weld cracking in type 316 stainless steel 

1.5 5.2 9.7 

5 31 72 

3 10 22 

0 2 7 

0 0 0 
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Table 16 

Weld cracking in PCA-B3 a l l o y  

PCA-B3 Steel Weld Crackina ( % I  

Applied Helium Concentration (appm) 

6.0 11.4 

3 9 

3 0 9  

3 

0 0 0 

Stress 
fMPa) 1 

0 0 0 +I 0 0 0 
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Microhardness Tests 

As a means to ascertain microstructure-properties 

relationships, traverse diamond pyramid microhardness (DPH) 

measurements were conducted across the weld regions using a 

Micromet 3 microhardness tester (by Buehler Ltd., Lake 

Bluff, IL). Figures 33-35 show the results of microhardness 

tests for various materials. 

Microhardness across the weld region of type 316 

stainless steel is shown in Figure 3 3 .  No strengthening 

was observed in type 316 stainless steel containing helium 

up to 9.7 appm. Due to the presence of ferrite after 

welding, a minor decrease in microhardness was observed in 

the fusion zone, which also showed a larger variation in 

individual measurements. The increase of microhardness in 

the heat-affected zone area was attributed to the increase 

in dislocation density from rapid cooling. 

Figure 34 shows the microhardness across the weld 

region of PbA alloy. 

insensitive to the presence of helium up to 11.4 appm. The 

decrease in hardness in the heat-affected and the fusion 

zones was attributed to the recovery of dislocations from 

cold-work. Microhardness across the weld region of HT-9 

steel is shown in Figure 35. Significant increases in 

microhardness were observed in the fusion and heat-affected 

zones for HT-9 steel. The microstructure in these regions 

is untempered martensite. The minor variation of 

Similarly, microhardness was also 
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microhardness in the fusion zone was also attributed to the 

presence of a softer ferrite phase. 

Tensile Tests 

Tensile tests were conducted at room temperature with a 

strain rate of 5 x s-' .  All specimens were tested with 

the stress axis parallel to t he  rolling direction. No 

apparent change in strength and ductility was observed for 

type 316 stainless steel containing up to 9.7 appm helium in 

the as-charged condition. Figure 3 6  shows the results of 

room temperature tensile tests for type 316 stainless steel 

in the as-charged condition. Although the application of a 

compressive stress during welding effectively suppressed the 

HAZ cracking, the weld ductility still decreased due to 

grain boundary bubble growth as shown in Figure 37. 

However, the strength of the 165 MPa compressed welds 

remains about the same as in the as-charged condition for 

type 316 stainless steel containing 9.7 appm helium. 

Results of room temperature tensile properties of type 316 

stainless steel are shown in Tables 17 and 18. 

Most of the tensile specimens failed in the base metal 

region, while a few specimens failed in the heat-affected 

zone due to severe helium bubble growth near the fusion 

boundary. For those specimens which failed in the H A Z ,  the 

total elongation decreased to as low as 6% while for others 

it was 38% on average. It should be noted that the sampling 
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Figure 37. Tensile p r o p e r t i e s  of He-doped type 316 
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Table 17 

Room temperature tensile properties of stress modified 
welds and unwelded base material of type 316 

stainless steel containing 0.7 
and 1.5 appm helium 



Table 18 

Room temperature tensile properties of stress modified welds and 
unwelded base material of type 316 stainless steel 

containing 5.2 and 9.7 appm helium 
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of specimens played a key role in the results of tensile 

tests. Specimens were punched from sections of the weld 

where no visible cracks were observed. Although care was 

taken to prevent the inclusion of cracks in tensile 

specimens, the extent of microcracking beneath the surface 

and helium bubble growth at the HAZ were unknown, and; 

therefore, large variations in tensile results were 

possible. 

Results of tensile tests for PCA and HT-9 are listed in 

Table 19 and 20. Helium presence caused no clear change i n  

the mechanical properties in PCA-B3 and HT-9 similar to that 

in type 316 stainless steel. PCA-B3 tensile tests showed 

inconsistencies in fracture location. Failures of PCA-B3 

were found in the base metal, HAZ and fusion zone although 

it retained about the same strength. All the HT-9 failed in 

the base metal region and also retained its strength up to 

2.5 appm He concentration. 

Scanninq Electron Microscopv 

Scanning electron microscopy w a s  used to examine the 

detailed features of weld cracking and fracture surfaces. 

Heat-affected zone cracking of type 316 stainless steel 

containing 1.5 appm helium is shown in Figure 3 8 .  No fusion 

zone cracking was observed in type 316 stainless steel with 

1.5 appm helium. Heat-affected zone cracking was fully 

intergranular in nature. The fracture surfaces showed a 
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Table 19 

Room temperature tensile properties of stress modified 
welds and unwelded base material of 

PCA-B3 alloy 
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Table 20 

Room temperature tensile properties of stress modified 
welds and unwelded base material of HT-9 steel 
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YPC-518 

Figure 38. 
stainless steel containing 1.5 appm helium. 

Heat-affected zone cracking of type 316 
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dimple structure, a sign of grain boundary cavity growth. 

Figure 39 shows the cavity size distribution and cavity 

volume average diameter (VAD= (ZNiDi3/CNi) ' I 3 )  of HAZ fracture 

surfaces in type 316 stainless steel. 

Figure 4 0  shows the changes in weld integrity as a 

result of the applied compressive stress during welding in 

type 316 stainless steel with 5.2 appm He concentration. 

Continuous through-thickness fusion zone and HAZ cracking 

were observed in standard welds of type 316 stainless steel 

as shown in Figures 40a. Both cracks ran parallel to the 

welding direction. Microcracks were also observed at HAZs 

in standard welds as shown in Figure 40b. Results from 

stress-modified GTA welds revealed no visible cracks as 

shown in Figures 4c and 4d. Compressive stresses from 55 to 

165 MPa were applied in these experiments. The result is 

consistent with the welding of type 316 stainless steel, 

containing 256 appm helium, under compressive stress in the 

earlier study [110]. 

Examinations revealed that fusion zone cracking in type 

316 stainless steel was interdendritic as shown in Figure 

41. The heat-affected zone cracking was intergranular and 

fully decorated with cavities caused by the grain boundary 

helium bubble growth, as shown in Figure 42. The cavity 

volume-averaged diameters (VAD) in HAZ fracture surfaces 

were calculated to be 0.96 and 0.92 pm €or steels containing 

5.2 and 9.7 appm He respectively. The results were 
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Cavity size distribution and cavity volume 
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Standard Weld Stress Modified Weld 
Y P c 6 7 B  

Figure 40. Comparison of heat-affected zone in standard 
and stress-modified welds of type 316 stainless steel 
containing 5.2 appm helium: (a,b) continuous through 
thickness fusion zone and heat-affected zone cracking in a 
standard weld; (c,d) no visible cracking in stress-modified 
weld. 
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Figure 41. 
i n  type 316 stainless steel containiny as low as 5.2 appm 
He: b, c and d show increasing magnification of the fusion 
zone cracking. 

Interdendritic fusion zone cracking was observed 
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consistent with previous studies [16]. The HAZ fracture 

surface cavity size distributions for type 316 stainless 

steel containing 5.2 and 9.7 appm He are shown in Figure 43. 

Further examinations of TEM disks, prepared from the 

fusion zone/heat-affected-zone boundary, were conducted 

using SEM following jet thinning. In the standard GTA weld, 

as shown in Figure 44a, large perforations and cracking were 

observed with cracks tending to align parallel to the 

welding direction, indicated by the arrow. On the other 

hand, parallel cracking associated with grain boundary 

helium bubble growth had been suppressed by the application 

of a compressive stress in the stress-modified weld as shown 

in Figure 44b. In addition, the bubble growth had been 

altered such that bubbles grow predominantly along grain 

boundaries perpendicular to the weld direction, whereas 

previously they occurred principally on grain boundaries 

parallel to the weld. It should be pointed out that jet 

polishing during TEM specimen preparation attacked the grain 

boundaries and enlarged grain boundary cavities. Therefore, 

the grain boundary bubble sizes shown in Figure 4 4  were 

exaggerated as compared to the as-welded material. 

Steady state welding on type 316 stainless steel was 

also investigated in this study. Heat-affected zone 

cracking was found around the weld pool as shown in Figure 

45. The fracture facets revealed dimple structure as found 

in the previous section. 
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Figure 44. 
(a) standard GTA weld; (b) stress-modified GTA weld. Arrows 
indicate the welding direction (wd) . (C) and (d) are 
magnified features of circle in (a) and (b) respectively. 

SEM photographs of jet-polished TEN discs from 
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Figure 45. Heat-affected zone cracking was found around the 
weld pool of a steady state weld of type 316 stainless steel 
containing 1.5 appm He. 
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Measurements from gas mass spectrometry showed a 21% 

decrease of helium concentration in the fusion zone compared 

to as-charged material. 

morphology in the fusion zone of type 316 stainless steel 

after GTA welding. 

of helium gas bubbles which do not escape from the molten 

pool during welding. 

in the fusion zone indicated that a substantial volume of 

helium escaped form the molten pool during welding. No 

distinct difference of pore size in the fusion zone was 

observed with helium concentrations up to 9.7 appm. 

Figure 46 shows the porosity 

Porosity in the fusion zone is a result 

The decrease in helium concentration 

Transmission Electron Microscopv 

A transmission electron microscope, J A M  2000FX by JOEL 

Ltd., was used as a primary tool for the helium bubble 

observations. TEM foils were prepared from 3 mm diameter 

disks punched from the heat-affected zone. 

carefully positioned such that the final thinned hole would 

be located approximately 200 pm from the fusion boundary 

where the heat-affected zone cracking was most likely to 

occur. Magnifications of the microscope were calibrated 

using a standard replica grid. 

calibrations are shown in Figure 4 7 .  

The disks were 

The results of TEM 

A compressive stress of 55 MPa was found to inhibit 

helium bubble growth at heat-affected zone grain boundaries 

oriented parallel to the welding direction. In the matrix, 
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Figure 46. 
steel containing 9.7 appm He after GTA welding. 

Fusion porosity morphology in type 316 stainless 
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the average helium bubble diameter was found to decrease 

with increases in applied compressive stress even though the 

number density remained constant. 

however, the helium bubble number density increased with 

increasing compressive stress. It was also found that the 

helium bubbles located on grain boundaries parallel to the 

applied compressive stress are favored to grow due to bulk 

plate constraints with respect to those at grain boundaries 

parallel to the weld. 

At the grain boundaries, 

It is known that helium will nucleate and grow to form 

bubbles along defects, dislocations and grain boundaries at 

elevated temperature. Helium bubbles have been shown to 

grow and coalesce rapidly along grain boundaries subjected 

to a tensile stress [3,52]. This situation is found 

typically in autogenous welding upon cooling [5,6,27,33]. 

Internal tensile stresses are generated due to the volume 

contraction upon solidification and subsequent thermal 

contraction in the solid state. Catastrophic heat-affected 

zone ( H A Z )  intergranular cracking occurred following gas 

tungsten arc (GTA) welding, due to growth of helium bubbles 

along surfaces perpendicular to the internal stress. 

In this study, solution-annealed type 316 stainless 

steel was doped with helium using tritium charging and 

decay. 

Savannah River Laboratory, Aiken, SC. The charging 

conditions and results were tabulated in Tables 9 and 12. 

The tritium charging process was performed by 
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TEM examinations revealed that Type 316 stainless steel 

remained in excellent annealed condition after tritium 

charging. Very few dislocations were found in as-charged 

steel containing as high as 9.7 appm helium. 

During GTA welding, high temperature and shrinkage- 

induced tensile stress are the principal driving forces for 

helium bubble growth. Figure 4 8  shows the TEM micrograph of 

the HA2 helium bubble structure in a type 316 stainless 

steel containing 9.7 appm He in a standard GTA weld. The 

welding direction (wd) is indicated by an arrow. Large 

helium bubbles were found to be concentrated along grain 

boundaries as shown in Figure 4 9 .  The matrix, on the other 

hand, exhibited an extensive dislocation network which has 

been shown to be associated with helium bubbles. Large 

variations in helium bubble size and density were observed 

at adjacent grain boundaries. 

found in some HAZ areas of a standard GTA weld as shown in 

Figure 50. One bubble was indicated by the arrowhead. In 

the base metal however, a limited dislocation structure was 

found as shown in Figure 51 and no helium bubbles were found 

in this region. Finally, in the fusion zone, helium bubbles 

were found to grow rapidly by coalescence at high 

temperature as shown in Figure 52. Helium bubbles grew as 

large as 1 pm in diameter. 

Few or no helium bubbles were 

The effect of an applied compressive stress during 

welding on the heat-affected zone helium bubble growth is 
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Figure 48. 
structure in type 316 stainless steel containing 9.7 apprn He 
in a standard GTA weld. Welding direction (wd) is indicated 
by an arrow. 

TEM micrograph of the HAZ helium bubble 
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Figure 49. Extensive dislocation network was observed in 
the matrix of standard weld H3LZ and helium bubbles were 
found to be concentrated at grain boundaries, 9.7 appma He 
concentration. 
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Figure 50, 
some areas of the standard weld HAZ, 9.7 appm He 
concentration, One of the bubbles is indicated by the 
arrowhead. 

Very few or no helium bubbles were observed in 



Figure 51. 
weld of type 316 stainless steel containing 9.7 appm He. 
helium bubbles were observed. Welding direction (wd) is 
indicated by an arrow. 

TEN micrograph of base metal of a standard GTA 
No 
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shown in Figure 53. 

stress, excessive grain boundary helium bubble growth 

occurred under the combined actions of high temperature and 

shrinkage-induced tensile stress and lead to catastrophic 

In standard welds with no applied 

cracking. 

diameter (VAD=(CNiDi3/CNi)1/3) at the HAZ of a standard weld 

with 9.7 appm He reached as high as 181.6 nm, whereas VAD in 

the matrix was only about 20 nm in diameter. 

The grain boundary helium bubble volume average 

A sharp decrease of VAD in HAZ grain boundary helium 

bubbles was observed when a 55 MPa compressive stress was 

applied perpendicular to the welding direction during GTA 

welding as shown in Figure 53. The stress generated during 

cooling was effectively compensated by the applied 

compressive stress. 

retarded and did not reach the critical size to initiate 

catastrophic cracking. The VAD of grain boundary helium 

bubbles was then slowly decreased as the applied compressive 

stresses during welding were increased from 55 MPa to 165 

MPa. The effect of stress on the suppression of helium 

bubble growth in the matrix was, however, not as explicit as 

that at grain boundaries. Helium bubble VAD in the matrix 

decreased from 20.5 nm in the standard weld to about 15 nm 

through the entire applied compressive stress range as shown 

in Figure 53. 

Grain boundary helium bubble growth was 

In contrast to the VAD, the density of grain boundary 

helium bubbles was found to increase with increasing applied 
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compressive stress as shown in Figure 5 4 .  However, bubble 

density in the matrix remained at about the same level as in 

the standard weld. 

Figure 55 shows a TEM micrograph of a grain boundary 

triple junction at the HAZ of type 316 stainless steel, 9.7 

appm He, with 55 MPa applied compressive stress during 

welding. One of the grain boundaries contains several 

helium bubbles as large as 200 nm in diameter while the 

other grain boundaries contain bubbles only about 20 nm in 

diameter. While in some cases no bubbles were observed in 

the grain boundaries at a triple junction (Figure 56), 

extensive helium bubble nucleation and growth were found to 

occur at the subgrain structure as shown in Figure 57. 

In standard welding processes, a shrinkage-induced 

tensile stress perpendicular to the weld caused excessive 

helium bubble growth at grain boundaries parallel to the 

weld and lead to catastrophic cracking. As a compressive 

stress was applied during welding, coalescence and growth of 

helium bubbles at grain boundaries parallel to the weld were 

suppressed and cracking susceptibility was reduced as shown 

in Figure 5 8 .  The general trend of a decrease in the weld 

cracking phenomenon was observed at various helium 

concentrations. However, helium bubbles located at grain 

boundaries parallel to the applied compressive stress, 

perpendicular to the weld, w e r e  favored to grow due to bulk 

plate constraints with respect to the helium bubbles 
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Figure 55. 
junction at the RAZ of type 316 stainless steel, 9.7 appm 
He, with 55 MPa applied compress~ve stress during welding. 
Welding direction (wd) is indicated by an arrow. 

TEM micrograph of a grain boundary triple 
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Figure 56. No bubbles were observed in grain boundaries of 
a junction at the HAZ of type 316 stainless steel, 9.7 appm 
He, with 110 MPa applied compressive stress during welding. 
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Figure 57. HAZ subgrain structure with extensive bubble 
nucleation and growth in type 316 stainless steel, 9.7 appm 
He, with 55 MPa applied compressive stress during welding. 
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residing at grain boundaries parallel to the weld. 

59 shows the relationship between grain boundary bubble 

density and grain boundary direction with respect to the 

weld in the modified compressive welds. Grain boundary 

bubble density decreased due to preferred bubble coalescence 

and growth as its angle to the weld increased from 0 to 90 

Figure 

degrees. 

Further studies were performed on the grain boundary 

junctions to investigate the relationship between grain 

boundary resolved stress and grain boundary helium bubble 

density. Results of this study are shown in Figure 60. 

When two adjacent grain boundaries both contain helium 

bubbles, there is a 67% probability that the grain boundary 

with a higher resolved stress contains more helium bubbles. 

When one of the adjacent boundaries does not contain helium 

bubbles, there is a 7 4 %  probability that the bubble- 

containing grain boundary has a higher resolved stress than 

the other, The overall study shows that when a grain 

boundary has a higher resolved stress, there is a 70% 

probability that this grain boundary contains more helium 

bubbles than the other adjacent grain boundaries. 

TEM examinations showed that grain boundary helium 

bubble size varied from boundary to boundary and was 

generally larger than those distributed in the matrix. No 

distinct relationship between grain boundary bubble size and 

the applied stress direction was observed. This was 
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attributed to the differences in the grain orientation and 

the location of examination, i.e., the distance away from 

the fusion boundary. In addition, some localized area may 

populate with a large amount of small bubbles associated 

with subgrain structures as shown in Figure 59. 

Weldins of Neutron Irradiated Materials 

Review of previous attempts to join irradiated 

materials using GTA and GMA welding processes has shown 

varying degrees of success [7,8,11,94]. Hall et al. 171 

observed intergranular cracking in the HAZs of a small 

fraction of welds during GTA welding of thin wall type 304 

stainless steel tubing which was irradiated in the 

Experimental Breeder Reactor-I1 (EBR-11). In these 

materials, helium concentrations were estimated to be 

between 3 to 15 appm. Atkin [94] GTA welded 20% cold-worked 

316 stainless steel, irradiated in EBR-11, in an 

unconstrained condition. Helium concentrations in these 

steels were estimated to be in the range of 4 to 25 appm. 

Bend tested samples from these welds indicated that welds 

were sound and free of cracks. At Savannah River Laboratory 

[S,ll] attempts have been made to repair stress corrosion 

cracks in irradiated type 304 stainless steel in C-reactor 

and R-reactor containing different levels of helium. In 

steel containing 0.8 appm helium with intrinsic constraint, 

successful welds were made. However, later attempts to 
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repair similar material at a level of 1 to 3 appm helium 

were unsuccessful. 

Crack growth specimens irradiated at 200°C in the Oak 

Ridge Research Reactor (ORR) in capsule ORR-MFE-6J were 

welded in a radiation hot cell using standard and stress- 

modified gas tungsten arc welding processes in this study. 

These materials included type 316 stainless steel with 20% 

cold-worked, Prime Candidate Alloy (PCA) with 25% cold- 

worked and tempered HT-9 steel. Figure 61 shows the crack 

growth specimen. Specimens were salvaged from a program 

that was designed to study the crack growth mechanisms but 

was terminated due to the inability to make a sound joint 

with tabs. The radioactivity level was measured to be 0.3 

Ci, mainly 6oCo, for 316 stainless steel. 

A compressive welding stage similar to the one used in 

the helium-doped steels was used to conduct the welding. 

Table 21 shows the parameters used in GTA welding of neutron 

irradiated materials. 

Results of hot cell welding are given in Table 22. 

Helium concentrations in these neutron irradiated materials 

were calculated from the Ni content and based upon the 

average damage gradients f o r  type 316 stainless steel in the 

Om-MFE-6J experiment [lll]. No cracking was observed in 

irradiated HT-9 steel with up to 2.5 appm helium. Fusion 

zone cracking was observed in both type 316 stainless steel 

and PCA alloy, using the standard GTA welding process, no 
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Figure 61, Crack growth specimen. 
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Table 21 

Parameters used f o r  the welding of neutron 
irradiated materials 

Voltage 

Current 

Type 316SS, 

HT-9 

Torch Speed 

Gas Flow 

PCA 

14 V-DC 

22 A 

24 A 

3.2 mm/s 

1.57 x 10-4 1~31s 



Table 22 

Test matrix of crack growth specimens from the ORR-MFE-6J capsule 

PCA 25%CW 6.6 86.6 AT-33 165 MPa Comp. Good 
PCA 25%CW 6.3 81.1 AT-37 no stress 18% FZ Cracking 
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compressive stress applied. PCA welds were more resistant 

to fusion zone cracking, 18% cracking of the total weld 

length, as compared to 68% cracking in type 316 stainless 

steel. Severe fusion zone cracking was eliminated in both 

materials as a compressive stress as low as 55 MPa was 

applied during welding. Figures 62-64 show the photographs 

of welds of ORR irradiated materials using standard and the 

stress-modified welding process. 

Preliminary examinations showed no macroscopic heat- 

affected zone cracking in any of the alloys. More detailed 

examination using scanning electron microscopy is necessary 

to evaluate the weld integrity in the heat-affected zone. 
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a 

b 

Figure 62. Photographs of welds of irradiated type 316 
stainless steel using (a) standard welding process - fusion 
zone cracking indicated by an arrow (b) stress-modified 
welding process, 55 MPa - no cracking. 



145 

a 

b 

Figure 63. (a) standard welding process - fusion zone cracking indicated by 
an arrow (b) stress-modified welding process, 165 MPa - no 
cracking. 

Photographs of welds of irradiated PCA alloy 
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Figure 64. 
using (a) standard welding process (b) stress-modified 
welding process, 165 MPa. No cracking was observed. 

Photographs of welds of irradiated HT-9 steel 



V. THEORETICAL INTERPRETATION 

The theoretical model described by Lin et al. [16-201, 

has provided a scientific basis toward understanding the 

mechanism of helium bubble growth and weld cracking. 

According to the model, most of the grain boundary helium 

bubble growth which occurs during GTA welding is stress- 

assisted. 

the HAZ can be divided into three regimes: 

The growth of grain boundary helium bubbles in 

In Regime I, the heat-up regime before the material 

reaches its melting temperature, compressive stresses are 

introduced normal to the welding direction due to thermal 

expansion of the plates. Although grain boundary helium 

bubbles may grow by thermal vacancy absorption and grain 

boundary sliding in this regime, the compressive stress 

tends to retard the bubble growth. Consequently, it was 

concluded that there is no bubble growth occurs in this 

heat-up period. 

In Regime 11, where the welding torch passes through, 

the material reaches its melting temperature, and a stress- 

free state is achieved in the melted region. Therefore, the 

stress is assumed to be zero in areas adjacent to the melted 

region. Grain boundary helium bubbles grow mainly by 

147 
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vacancy absorption during this stage due to the high vacancy 

concentration and high diffusivity at this near-melt 

temperature. The grain boundary bubble growth in this 

regime is derived based on the theory of helium bubble 

growth in the matrix by vacancy absorption, presented by 

Greenwood and Speight [37]. 

Vacancy concentration, C,, along a grain boundary 

available for radial diffusion (Figure 65) into the bubble 

can be derived from Fick's second law in cylindrical 

coordinates as follows [112]: 

d2C,,/dR2 + (l/R)dC,/dR = 0 (14) 

where R is the distance from the center of the grain 

boundary bubble. The general solution to the above equation 

can be expressed as 

C, = A + BlnR 

where A and B are constants. The flux of vacancies 

diffusing into the bubble therefore can be expressed as 

The constant B can be determined by applying boundary 

conditions. 
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f 

Figure 65. 
boundary is everywhere radial. 

Vacancy diffusion into a bubble along a grain 
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At grain a boundary bubble surface, where R=R,, the 

vacancy concentration, C, can be expressed as 

where p is internal gas pressure, Y is the bubble surface 

energy, n is the atomic volume, k is the Boltzmann's 

constant and T is the temperature. C,e is the equilibrium 

vacancy concentration at temperature T and has the form of 

= exp[-(aH-TaS)/kTJ/Q (18) 

where AH is the vacancy formation energy and AS is the 

vacancy formation entropy. 

At a distance away from the center of a bubble, Re, the 

vacancy concentration is in the equilibrium state, i.e., 
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Since Re is generally much greater then Ri [19], the vacancy 

flux can be approximated by 
i 

The interface between the grain boundary and bubble has an 

area of 211R6,b. Therefore, the grain boundary bubble growth 

rate can be expressed as 

where Bgb is the grain boundary thickness. 

The growth rate of a grain boundary bubble radius is 

hence, 

dR/dt = D,,t5,nQ{l-exp[-(p-2y/Ro)Q/kT] }/2R2 (23) 

Since the term exp[-(p-2y/Ro)Q/kT] is found to be much 

smaller than 1, the above equation can then be simplified as 

Therefore, the bubble radius after R e g i m e  11, Rii, can be 

expressed by 



where 

bubble radius, m, 

bubble radius at the end of Regime I, m, 

grain boundary thickness, m, 

atomic volume, m3, 

grain boundary vacancy diffusivity, m 2 / s ,  

equilibrium vacancy concentration, m-3, and 

elapsed time in Regime 11, s. 

Grain boundary vacancy diffusivity [113] in Regime I1 

can be expressed by 

Dgbdgb = 7.7 x 10-8exp(-l,65eV/fl), m3/s (26) 

Parameters used for the above calculation are listed in 

Table 23. The elapsed time in Regime I1 is calculated to be 

1.57 seconds (weld bead size, 5 mm long, divided by the 

welding speed, 3.2 m/s). Figure 66 shows the predicted 

grain boundary helium bubble growth in Regime I1 during 

welding. 

Ostwald ripening [42,43] and coalescence [36-38,1151 

are two of the other possible bubble growth mechanisms in 

Regime 11. Assuming ideal gas behavior and spherical gas 

bubbles, in thermal equilibrium, the relation between the 



153 

Lattice parameter [114] a0 3.64 x lO-"m 

Bubble radius at end of Regime I Ri 1 x lo-% 

Atomic volume 62 1.2057 x 10-29m3 

Equilibrium vacancy concentration v 6.3523 x 1023m-3 

Elapsed time in Regime I1 At 1.57s 

Initial temperature Ti 293K 
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Figure 66. Predicted grain boundary helium bubble growth in 
Regime I1 during welding. 
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bubble gas pressure P and the atomic concentration of gas C, 

in the surrounding metal can be expressed as 

C, a P*exp(-G$kT) 

where G, is the solution energy of a gas atom. Since the 

bubble gas pressure depends on the bubble radius, p=2y/r, 

concentration gradients exist between various sizes of 

bubbles leading to gas atom permeation from small to large 

bubbles. This process is called Ostwald ripening. The 

dissolution of small bubbles reduces the free energy as the 

mean bubble volume is increased. The radius growth rate of 

a bubble by Ostwald ripening is given by [ 4 3 ]  

dR/dt=D, ( l / % - l / R )  exp (-G,/kT) 

Where D, is the gas atom diffusivity, G, is the solution 

energy of a gas atom, and %, is the arithmetic mean of 

bubble radii. The growth of a gas bubble by Ostwald 

ripening is primarily dominated by the re-dissolution of gas 

atoms in the metal. However, since helium is practically 

insoluble in metal, helium bubble corasening by this 

mechanism is assumed negligible. 

Bubble coalescence in metal is believed to result when 

collisions occur between bubbles as they migrate by surface 

diffusion through the metal [116]. In Barnes and Mazey's 
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experiment, copper foils deposited with helium atoms were 

examined in an electron microscope. It was found that 

helium bubbles formed during pulse heating in the electron 

beam and that bubbles indeed migrated and collided so their 

number steadily reduced and their size increased [117]. The 

migration speed varied approximately as the reciprocal of 

the bubble radius. Their observation also supports that the 

re-dissolution of gas atoms from bubbles does not occur in 

the case of helium bubbles. After several generations of 

coalescence, the mean bubble radius R can be expressed as 

~ 3 6 1  

dR/dt = 0.7 4 D,ma,4kT/yR4 (29) 

where D, is the surface diffusivity, m is the total number 

of gas atoms a, is the interatomic distance, and y is the 

surface energy, The above equation assumes that the bubbles 

migrate by surface diffusion, that the gas behaves ideally, 

that the gas pressure is in equilibrium with the surface 

tension, that there is no bubble interaction occurs except 

immediate coalescence, and that the solid is a perfect, 

infinite crystal. 

Figure 67 shows the predicted results of bubble 

coalescence after GTA welding of type 316 stainless steel. 

Helium bubbles grow rapidly by coalescence in the heat-up 

period as the bubble radii are still small. As bubbles 
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Figure 67. Predicted results of bubble coalescence af te r  
GTA welding of helium containing type 316 stainless steel.  
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continue to grow, the bubble radii become large, the rate of 

growth slows, as seen by equation (29) and bubble 

coalescence becomes negligible. 

As the heat source passes through, the onset of Regime 

111, molten metal solidifies and subsequently cools down. 

The contraction of weld metal generates tensile stresses 

perpendicular to the weld in the nearby regions as discussed 

in the previous section. Helium bubbles located at heat- 

affected zone grain boundaries parallel to the weld grow 

rapidly under the influence of this thermal shrinkage 

stress. Stress-assisted bubble growth dominates in this 

regime, and most of the grain boundary bubble growth during 

welding occurs here. 

The grain boundary bubble growth processes can be 

categorized into two mechanisms: surface diffusion 

controlled [118,119] and grain boundary diffusion controlled 

[2,46,50-531 mechanisms. Grain boundary bubbles grow as the 

atoms are transported from bubble surfaces to the adjacent 

grain boundaries. In surface diffusion controlled bubble 

growth, the surface diffusivity is smaller than the grain 

boundary diffusivity and therefore bubbles tend to grow into 

an elongated shape. In contrast, in grain boundary 

diffusion controlled bubble growth, grain boundary 

diffusivity is smaller than the surface diffusivity and 

bubbles tend to maintain the equilibrium spherical shape due 

to rapid surface atom redistribution. 
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Results from the TEM examinations revealed spherical 

helium bubbles attached to the grain boundaries indicating 

grain boundary diffusion controlled bubble growth occurred 

during welding. Figure 68 shows the surface and grain 

boundary diffusivities of type 316 stainless steel as a 

function of temperature. 

Extensive studies [46,51-53,121,1221 have been 

performed on the theory of stress-assisted bubble/cavity 

growth after the first introduction by Hull and Rimmer in 

1959 [46]. Speight and Harris [52] advanced the theory 

through further analysis in 1967 and a similar analysis was 

brought out by Weertman [51] in 1973, A more complete 

analysis on the kinetics of stress-induced grain boundary 

void growth was performed by Speight and Beere in 1975 [53]. 

The growth of a grain boundary bubble is due to the 

continuous release of atoms from within a ring around each 

bubble along the grain boundary. The following derivation 

follows Herring [123]. The rate of bubble growth is 

determined by the gradient of chemical potential, vf, in the 

plane of the grain boundary. The flux, J, ,can be expressed 

as 
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where Dgb, k, T and n have the same definition as in the 
previous section, and V f  is to be determined at the bubble 

surface. 

The grain boundary potential can be approximated by 

-a&, where 0, is the tension acting normal to the grain 

boundary. 

boundary normal to the direction of externally applied 

stress 0. On the other side, the potential of a bubble on 

the surface is equal to surface tension of the metal -2@/R. 

The (3, has a maximum value of 0-P on a grain 

Therefore, the flux J, can be expressed as 

where a is the center to center bubble spacing and, P is the 

internal bubble pressure. 

for diffusion to take place, the rate of the increase in 

bubble volume is given by 

With an area of 2nR6,b available 

Assume surface diffusivity is high enough to maintain the 

spherical shape of the bubbles, then the growth rate of an 

isolated grain boundary bubble can be approximated as 
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The shrinkage stress induced by weld solidification and 

subsequent cooling is the largest contribution to the 

thermal stress, ot, which is much greater than P. 

Therefore, the approximated expression of the thermal stress 

during welding can be described as 

where 

o,(t) = shrinkage stress at time t, Pa, 

~ ( t )  = surface energy of bubbles, at time t, J / m 2 ,  and 

R(t) = bubble radius at time t, m. 

In the case of this study, the initial grain boundary 

helium bubbles are assumed to be equal in size and populated 

in a square array such that the growth rate of grain 

boundary helium bubbles can be expressed by [ 4 6 ]  

dR/dt = 2n6gbDg,c220JakTR 

where 

K = Boltzmann's constant, eV/K, 

a = average bubble spacing, m, 

R = bubble radius, m, 

T = temperature, K, 

sa = atomic volume, m3, 

(35) 
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= grain boundary thickness, m, 

0, = thermal stress, Pa, and 

Dgb = grain boundary vacancy diffusivity, m2/s. 

Equation (36) clearly indicates that not only temperature 

and grain boundary diffusivity affect bubble growth, changes 

in thermal stress, o,, can also significantly alter the 

bubble growth rate. 

In this study, grain boundary thickness is assumed to 

be 4 A. The average bubble spacing on grain boundaries was 

assumed to be 1 pm based on the results of SEM examination 

of the HAZ fracture surfaces, which were fully decorated 

with dimples about 1 pm in diameter. The initial bubble 

radius at the beginning of Regime 111, i . e . ,  the final 

radius at the end of Regime 11, was calculated to be 0.019 

um using equation (26). 

The shrinkage stresses which arise during welding are 

not easy to describe explicitly. This transverse shrinkage 

stress across the weld can be approximated by the following 

equation according to elasticity theory, 

= E ( t ) a ( t ) A T  
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where 

E(t) = modulus of elasticity at time t, Pa, 

AT = temperature increment, K, and 

a(t) = thermal expansion coefficient at time t, 1 / K .  

It should be emphasized that this study is not meant to 

predict the resulting stress state of the weld but rather to 

give physical insight into what may be occurring during the 

welding of helium containing materials. 

The modulus of elasticity and the instantaneous thermal 

expansion coefficient up to the melting point, -14OO0C, are 

obtained by extrapolating the known data (Table 24) for type 

316 stainless steel [124]. 

The surface energy used in the calculation in Regime 

I11 is based on the results of a study by Murr et. al. [125] 

on type 304 stainless steel as shown in Table 25. The 

results show a temperature dependent surface free energy 

(Figure 69), which can be approximated as 

y(t) = -0.00151 x T(t) + 4.11 (37) 

where T(t) is the temperature at time t in Regime 111. 

Results of grain boundary bubble growth calculations 

for the final stage during welding, Regime 111, are shown in 

Figure 70. In the standard weld (no compressive stress) 

heat-affected zone cracking occurs approximately 1.8 seconds 
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Table 24 

Temperature dependent  Young' modulus and thermal  expans ion  
c o e f f i c i e n t  of t y p e  316 s t a i n l e s s  steel [124] 

Temperature Modulus 
T(OF)  E ( G P a )  

Temperature Ther .  Exp. C o f f  . 
T(OF) a(10- / O F )  

167 
2 12 
257 
3 02 
347 
3 92 
437 
4 82 
52 7 
672 
617 
6 62 
707 
752 
797 
842 
887 
932 
9 77 
1022 
1067 
1112 
1157 
1202 
124 7 
1292 
133 7 
1382 
142 7 

191.4 
190.1 
188.7 
187.2 
185.6 
184 0 
182.3 
180.5 
178.6 
176.7 
174.7 
172.6 
170.5 
168.3 
166.0 
163.7 
161.4 
159.0 
156.6 
154.1 
151.6 
149.1 
146.5 
143.9 
141.3 

135.9 
133.2 
130.5 

138.6 

70 
100 
2 00 
3 00 
4 00 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 

8.4632 
8.6148 
9.0875 
9.5127 
9.8931 
10.232 
10.532 
10.796 
11.028 
11.229 
11.404 
11.555 
11.685 
11.797 
11.894 
11.979 
12.056 

E(t) = 28.33669-2.882211*10-'T-3. 697849*10-6T2+7.709188*10-10T3 

a ( T )  = 8 09 13 9+5.49 694 8 *l 0-3T-2. 679 852 * 10-'TZt4 .954 73 *1 0-'OT3 
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Table 25 

Surface  free energy of type  304 s t a i n l e s s  
steel [125] 

Temperature ( " C )  Surface free energy J/m2 

1060 
1160 
1260 
1360 

2.190 
1.925 
1.585 
1.800 
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final stage, Regime 111, during welding. 

Predicted grain boundary bubble growth in 
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after the onset of Regime 111, when bubbles reach 1 urn. 

This is consistent with the results of videotaping during 

welding, which showed cracks that initiate 1 to 2.2 seconds 

after passage of the weld pool. 

is applied during welding, bubble growth is retarded, and 

bubble size may never reach the critical size which leads to 

cracking. Bubble growth was also retarded when the bubble 

surface tension is greater than thermal tensile stresses, as 

indicated at the beginning region of Figure 70. 

When a compressive stress 

A comparison of various models of grain boundary 

bubble/cavity growth in Regime 111 is given in Figure 71. A 

greater bubble growth rate was predicted by Weertman [51] 

than by Hull and Rimmer's model by considering different 

geometry factor, a function of bubble radius and spacing 

[ 4 6 ] .  As bubble size approaches the critical size, i.e., 

bubble spacing, Speight and Harris [52] showed a significant 

increase in bubble growth rate while Speight and Beere 

predicted the highest growth rate among all the models. 

With the consideration of vacancy volume relaxation, similar 

grain boundary bubble growth patterns were predicted by Loh 

[1223 and Dobes and Cadek E1211 as in Hull and Rimmer's 

model. However, both models predict much lower bubble 

growth rate compare to others. 
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VI. DISCUSSIONS 

Theoretical intemretation 

During the heat-up period of the welding process, 

compressive stresses arise due to thermal expansion of the 

material and it is therefore logical to assume the bubble 

growth will be suppressed in this regime. In Regime 11, 

high temperatures prevail and thermal vacancies are 

abundant. Heat-affected zone grain boundary bubbles grow 

principally by vacancy condensation in this period. The 

degree of vacancy condensation is controlled by the vacancy 

formation energy in this regime as shown in Figure 72. 

temperature aging experiments [19] of type 316 stainless 

steel containing 256 appm helium were found to yield much 

smaller bubble sizes compared to the predicted values using 

the vacancy condensation model as described in Regime 11. 

TEM disks were thermally aged at 800, 900 1050 and 1300°C 

for one hour. Figure 73 shows the relationship between 

results of the aging experiment and theoretical models. 

However, further analyses [16,19] showed that bubbles grow 

so rapidly under the influence of shrinkage stress that the 

difference in predicted bubble sizes between Regime I1 and 

I11 is so great that growth in Regime I1 is insignificant. 

High 
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Failure occurs when grain boundary bubbles grow to a 

critical size, 1 pm as determined from experiments. 

Intergranular cracking at the HAZs was dominated by the 

stress-assisted grain boundary bubble growth during cooling 

of a weld where the combined effects of high temperature and 

shrinkage-induced tensile stress prevailed. 

In the heat-affected zone location 0.5 anm, about 7 

grains, away from the fusion boundary, the peak temperature 

during welding was measured to be 1092°C. 

bubbles grow with a much slower rate at this position during 

welding and never reach the critical size to cause cracking. 

Figure 74 shows the predicted results of grain boundary 

bubble growth at different location in the heat-affected 

zone, i.e., different peak temperatures, during welding. 

This result is consistent with observations that weld 

cracking always occurring in the HAZ about three grains 

distance from the fusion boundary. 

Grain boundary 

Release of Helium durincr Welding 

At the melting temperature, the agitation of the molten 

metal is believed to result in the observed porosity in the 

fusion zone. The entrapped helium bubbles in the molten 

steel will coalesce, grow and many will escape from the 

surface of the weld by buoyancy effect. The result from the 

gas mass spectrometry showed a 21% reduction of helium 

concentration in the fusion zone, indicating the release of 
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He from welds during welding. The heat-affect zone retains 

essentially the same level of measured He concentration 

before and after welding as shown by measurements made in 

the current study. 

atoms are deeply entrapped in the solid metal. Even at the 

near-melting temperature, helium atoms were not able to 

escape from the heat-affected zone to the fusion boundary 

via thermal diffusion and hence could not escape through the 

molten metal surface. 

This phenomenon suggests that helium 

Stress And Weld Crackinq 

Helium bubbles grow rapidly at interdendritic 

interfaces in the fusion zone and at grain boundaries in the 

heat-affected zone under the combined actions of high 

temperature and shrinkage tensile stress [16-201. Rupture 

occurs as the cohesive strength of the grain boundaries, 

reduced by the growing bubbles, can no longer bear the 

shrinkage-induced tensile stress created during cooling of 

the weld. Since the near-melting temperature at the heat- 

affected zone is inevitable in the conventional fusion 

welding process, modifications of thermal stress become the 

logical choice to overcome the catastrophic failure. 

The relation between helium concentration and total 

weld cracking of type 316 stainless steel, following the 

stress-modified GTA welding process is shown in Figure 59. 

The tendency toward severe weld cracking increased as the He 
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concentration increased. As the applied compressive stress 

increased in the modified welding process, the severe weld 

cracking decreased and totally disappeared at a compressive 

level of 165 MPa. The threshold helium concentration 

required to cause severe cracking in type 316 stainless 

steel using the conventional GTA welding process is shown to 

be 0.9 appm based upon experimental results in this study as 

shown in Figure 75. 

Stress Direction and Bubble Growth 

During weld solidification and cooling, the principal 

shrinkage-induced tensile stress is perpendicular to the 

welding direction. The stress level is enhanced by the 

lateral constraints as in the repair welding of large 

structural components. This stress causes the helium 

bubbles to grow rapidly at the grain boundaries at high 

temperatures, preferentially along grain boundaries aligned 

perpendicular to the stress (parallel to the weld). Since 

the shrinkage-induced tensile stress is reduced by applying 

an initial compressive stress perpendicular to the welding 

direction, the helium bubble growth process is retarded 

along grain boundaries parallel to the weld, therefore, 

heat-affected zone cracking is less likely to occur. 

However, a small nu3nber of grain boundary helium bubbles 

still grow preferentially along the direction perpendicular 
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Figure 75. The threshold helium concentration required to 
cause severe cracking in type 316 stainless steel using a 
conventional GTA welding process was predicted to be 0.9 
appm by the experimental data. 
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to the weld. This may be due to the internal tensile 

stresses generated by bulk body constraint of the steel 

along the weld direction during cooling or simply elastic 

deformation in response to the applied stress. 

For type 316 stainless steel, grain boundary 

diffusivity is much higher than that in the matrix, 

therefore; the growth of helium bubbles at the grain 

boundary is much more sensitive to any changes in the 

stress. It has also reported that grain boundary sliding 

[126,127] can provide an additional driving force for the 

grain boundary bubble growth. Figure 76 shows evidence that 

grain boundaries are more favorable for helium bubble growth 

than the matrix. 

It is a complex task to analyze the stress field around 

a bubble along a grain boundary. 

taken in the currenk study, however, give a meaningful 

insight into the effects of an applied stress on the grain 

boundary helium bubble growth during welding. 

The simplified approaches 

The relation between grain boundary helium bubble 

densities and the angle between the welding direction and 

the grain boundary is given in Figure 59. Large variations 

were found by quantitative analyses of bubble size and 

density with respect to the stress direction since physical 

properties, such as crystal orientation, of each grain 

boundary vary. In some cases, bubble grow processes are 

relatively localized. Presence of subgrain microstructure 
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will further distort any findings. One grain boundary may 

have large helium bubbles with low density, while another 

one has small bubbles but with very high bubble number 

density. Generally speaking, bubbles grow with tensile 

stress. The higher the stress the more they will grow. 

Figure 77 shows the relationship between the resolved 

stress ratio and the actual bubble number ratio on the 

adjacent grain boundaries (within the same grain). In some 

cases, the grain boundaries do not have any bubbles so that 

the actual bubble number ratio becomes either zero or 

infinity as shown in Figure 77. When a grain boundary 

subjected to a resolved stress three times larger than the 

adjacent boundary, i.e., the resolved grain boundary stress 

ratio is greater than 3 ,  it almost always has more helium 

bubbles than the other. This indicates that a minimum 

stress level three times higher than an adjacent boundaries 

is required to insure preferred grain boundary bubble 

growth. 

Weldinq of Neutron Irradiated Materials 

No other information is available for the welding 

properties of ORR irradiated materials. However, the 

results of welding of ORR irradiated materials are 

consistent with results of welding of tritium-charged 

materials, Type 316 stainless steel has the worst weld 

cracking resistance in both irradiated and tritiated 



182 

0 n 

-1 1 I I I I I 1 
0 5 10 15 20 25 30 

Grain Boundary Resolved Stress Ratio 
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conditions. Results from welding irradiated PCA-B3 are 

somewhat unexpected. 

during thermal treatment prior to irradiation is expected to 

hinder void growth. However, MC precipitates were unstable, 

and were all dissolved after irradiation at 200°C in the ORR 

[128]. HT-9 steel exhibited the best resistance to helium 

induced cracking among these steels. However, HT-9 also had 

the lowest helium concentration. 

The formation of MC precipitates 

Weldinu- Techniques 

The embrittlement effect of helium during welding was 

first suggested by Hall [ 7 ]  in 1978. Helium embrittlement 

cracking during welding was not substantiated until 1988 

when weld repair cracks in a Savannah River reactor tank 

were investigated [ll] and further characterized by Lin et 

al. [16-201. 

In addition to the stress-modified GTA welding 

technique used in the current study, a gas metal arc (GMA) 

overlay welding technique was developed [12,14,15,98] by 

other investigators. The technique minimizes the heat input 

at the base material while providing sufficient weld 

penetration, approximately 0.076 mm, to produce a bond 

between weld and base metal. Fusion zone and heat-affected 

zone cracking were observed in type 304 stainless steel, 

charged with up to 221 appm He, using the GMA weld overlay 

technique [98]. However, this technique showed a pronounced 
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reduction in cracking as compared to the repair welds of 

same steel in the reactor tank [13-15,981. No external 

constraint was applied to the plates during overlay welding. 

Underbead cracking was also observed in the overlay welds 

and became significant at higher helium concentrations. 

Similar results were observed in irradiated type 304 

stainless steel with 5.0 to 10.4 appm He using GMA weld 

overlay technique reported by Kanne et al. [130]. No toe 

cracking was found while underbead cracking was observed in 

the HAZ. At several locations, underbead cracking extended 

into the fusion zone. Approximately twice the amount of 

underbead cracking was observed in irradiated steel with 

10.4 appm He compared to the steel with 5.0 appm He. 

Although the GMA overlay welding technique demonstrated 

an improvement in weld integrity, the stress-modified 

welding technique developed in the current study shows the 

most promising results for repair welding of helium 

containing materials. Studies [110] have shown that 

successful welds can be made by an application of 

compressive stress of 55 MPa during GTA welding of type 316 

stainless steel containing 256 appm He. No cracking was 

found in the fusion and heat-affected zones. 

Weld cracking decreased as applied compressive stress 

increased and was totally eliminated at 165 MPa f o r  type 316 

stainless steel. Results from tensile tests also showed 

similar strength between as-doped unwelded base materials 



185 

and stress modified welds as presented in Tables 17 and 18. 

This indicated that sound welds can be achieved using the 

stress modified welding technique for type 3 1 6  stainless 

steel containing helium concentrations up to 9.7 appm, while 

welds from GMA overlay welding showed a significant decrease 

in tensile strength [15]. 

Similar weld cracking susceptibility was observed for 

type 316 stainless steel, PCA-B3 and HT-9 in tritiated and 

ORR irradiated conditions. This result indicates that the 

nature of helium from tritium charging, 3He, and neutron 

irradiation, 4He, was similar, although quantitatively 

different, with respect to weld cracking in the current 

study. However, Kanne et al. [130] have found that the 

underbead cracking in irradiated type 304 stainless steel 

was considerably higher than that experienced in tritiated 

steel at the same He concentrations using either 

conventional or overlay welding techniques. 

To minimize the extent of weld cracking in repair of 

helium containing materials, the following factors should be 

considered: 

1. Materials: 

HT-9 steel had the best resistance to helium induced 

weld cracking and type 3 1 6  stainless steel the worst. PCA- 

B3 showed moderate improvement over type 316 stainless 

steel. 

of materials by the introduction of extensive dislocation 

Cold-working can be used to improve weld integrity 
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networks. Dispersed carbide precipitates in the matrix can 

also significantly improve resistance to helium induced weld 

cracking, 

2 .  Welding condition: 

The higher the heat input, the higher the temperature 

and thermal stress gradients which increase weld cracking 

tendencies. Full penetration and a wider heat-affected zone 

welding processes are also considered unfavorable with 

respect to weld cracking. 

3 .  Welding process: 

Conventional fusion welding processes cause severe 

fusion and HAZ cracking. The GMA overlay welding process 

can reduce the level of weld cracking, but the stress- 

modified welding technique can eliminate weld cracking. 

Resistance welding [ll] and solid state welding [129] may be 

viable techniques for joining material with entrapped 

helium. 



VII. CONCLUSIONS 

The following conclusions can be drawn from this study 

of welding helium-containing materials: 

1. Severe fusion zone and heat-affected-zone cracking 

during welding of helium-containing type 316 stainless steel 

and PCA alloy is caused by helium bubble growth along 

interdendritic interfaces and grain boundaries. 

2. No Cracking was found in welding HT-9 steel with helium 

concentrations up to 2.5 appm using the conventional GTA 

welding. Type 316 stainless steel had the worst weld 

cracking resistance among materials tested in this study. 

3. Grain boundary helium bubble growth is enhanced by the 

shrinkage-induced tensile stress generated during the 

welding process; high temperature alone is insufficient to 

cause cracking. 

4 .  No apparent change of strength was observed in steels 

doped with helium in type 316 stainless steel, PCA-B3 and 

HT-9. However, the presence of helium decreased the weld 

ductility due to grain boundary bubble growth. 

5. The threshold helium concentration required to cause 

severe heat-affected zone cracking using GTA welding was 
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predicted to be 0.9 appm for type 316 stainless steel based 

on helium doped material experiments. 

6. Catastrophic weld cracking can be eliminated in helium- 

containing materials by the application of a compressive 

stress during welding to alter grain boundary bubble growth 

kinetics. 

7. A 55 MPa compressive stress was found to eliminate weld 

cracking in PCA with up to 11.4 appm charged helium. 

8 .  Helium bubbles located at grain boundaries parallel to 

the applied compressive stress are favored to grow due to 

bulk plate constraints with respect to those at grain 

boundaries parallel to the weld. 

9. Severe fusion zone cracking was observed in 316SS, 20% 

cold-worked and PCA-B3 irradiated at 200°C in the 6RFt. 

Cracking was eliminated using the stress-modified welding 

technique. 

The results of this study indicate that the stress- 

modified welding technique can effectively suppress the 

grain boundary helium bubble growth and can be applied to 

eliminate the severe HAZ cracking which occurs during GTA 

repair welding of irradiated materials, 
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Data Actmisition for K-tvpe Thermocouple 

This appendix details the computer program to retrive 

the K-type thermocouple voltage output from an ocilliscope 

memory and convert into temperatures as a function of time 

in the HAZ during welding. 

Microsoft QuickBasic, version 4 . 5 .  

This program is written using 

DECLARE SUB herc.hp ( )  
DECLARE SUB Viewport (Xmim!, Xmax!, Ymim!, Ymax!, Tmim, 
Tmax ! ) 

'A. This program receives single waveform data (time vs. 
I voltage) stored in Nicolet 3091 Oscilloscope via RS232C 
I 

I null modem. 

I Important: No ltsavetl should be selected on the data 
I channel. Data$ string is valid but handling 
I differently. 

IB. Data$ string contains totally 20051 characters (single 
I waveform and no lIsavett is selected): 

. . . . . . . . . . . . . . . . . . . .  OSCISCOp.BAS . . . . . . . . . . . . . . . . . . . .  
I 

port located at the rear panel of Nicolet 3091 using a 

I 

I 

I 

I 5 identifer + 2 delimiter(CR/LF) + 5 * 4000 data point + 
I 2 delimiter + 40 normalization string + 2 delimiter 
t 

IC. If *lsaveVf is selected, Data$ will be 20095 characters, 

I Use ltAUTO CENTER" to select current and saved data: 

I 5 identifer + 2 delimiter(CR/LF) + 5 * 2000 current data 
I 5 * 2000 saved data + 2 delimiter + 40 normalization 
I string + 2 delimiter 
ID. Program output may include: 

I screen dump of Time vs. both Voltage and Temperature 

'E. This program assumes K-type theomocouple is used and the 
I temperature is converted from voltage using polynomial 
I constants (a) as listed in program. When different type 

no matter either single or double waveform. 

t 

+ 2 delimiter + 40 normalization string + 2 delimiter + 

I 

Time (sec) , Voltage (volt) , Temperature (C) and a graphical 
I 
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I of thermocouple is used, only Time and Voltage will be 
I valid, and temperature need to be converted otherwise. 
I Refer to manual or catalog for temperature eonvertion. 

IF. For the temperature measurement using thermocouple: 
I 

I 

I a. 
I b. ' c. 

d. 
I e. 
I f. 
I g* 

h. 
I i. 

I j. 
I k. 
I 1. 

I 

I 

set llAUTO CENTERg1 to ON 
set to llROLL1l 
set 'lHORIZONTAL1l and VERTICALII to OFF 
set channel to ON (see above for lfsaveI1 option) 
set lWOLTS FULL SCALE'' to lOOmV 
set all switches to DC 
set I1TRIGGERl1 to AUTO 
set "TIME PER POINTt1 the double of measuring time 
set origin at far left center (use DATA REMOVE & 
RESET) 
zeroing DC OFFSET (Ready to go!) 
press llLIVE1l to sweep and llSTORE1l to save in memory 
start program to retrieve and convert data from 
memory 

I 

I*********************************************************** 

CLS 
OPEN 11coml:9600,n,8,1t1 FOR RANDOM AS #1 'change baud rate 

'as necessary 

INPUT "DO you want to save data to a disk file ? ans$ 
IF UCASE$(ans$) = llyll THEN 

INPUT "Enter file path and name for output: !I, File$ 
OPEN File$ FOR OUTPUT AS #2 'diskfile for output 

END IF 

DIM V(4000), T(4000) '4000 data for each channel 
'REM $DYNAMIC 

I 

I temperature valid llonlylg for K-type thermocouple from 0 
I to 1370 C. 

The following constants are used to convert voltage to 

CONST a0 = .226584602# 
CONST al = 24152.109# 
CONST a2 = 67233.42479999999# 
CONST a3 = 2210340.682# 
CONST a4 = -860963914.9# 
CONST a5 = 4.835063+10 
CONST a6 = -1.18452E+12 
CONST a7 = 1.38693+13 
CONST a8 = -6.337083+13 

PRINT 'Ipress Nicolet 3091 RS-232 buttom 
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DATA$ = 1111 'initialize data string 

WHILE EOF(1) 
WEND 

DO 
I$ = INPUT$(LOC(l), #1) 
PRINT I$; 
DATA$ = DATA$ + I$ 

Start! = TIMER 
DO 

IF NOT EOF(1) THEN EXIT DO 
delay! = TIMER 

LOOP UNTIL delay! - Start! > 1 'one second for data 
'detection 

LOOP UNTIL EOF( 1) 

'Horizontal trigger point HO, stored in 16-20th characters 
'in normalization string--> 20025-20029th in DATA$ 
'HO = VAL(MID$(DATA$, 20025, 5)) 

Xmim = O! 'Time origin 
Xmax = 4000 * H1 'total-time sweep for 4000 

Ymax = .1 'voltage full scale 
Ymim = -Ymax 
Tmim = 0 
Tmax = 1400 'Maximum temperature scale 
Factor = (Tmax - Tmim) / (Ymax - Y m i m )  'Graphic factor 

'data point 

'for Y2 axis 

INPUT '*DO you want the screen sump to the printer"; 
dump$ 

CALL Viewport(Xmim, Xmax, Ymim, Ymax, Tmim, Tmax) 

j = 8  'start of data point in DATA$ 
interval = 3 
Voffset = -000798  'voltage offset for 20 

'degree C when testing 

FOR I = 0 TO 3999 STEP 3 'data point 

V(1) = VAL(MID$(DATA$, j, 5)) * V1 + Voffset 'voltage 

Time = I * H1 'time in second 
'in volts 



206 

I Convert voltage to Celsius temperature, valid only for 
I K-type thermocouple 

Ttail = V(1) * (a5 + V(1) * (a6 + V(1) * (a7 + a8 * V(1)))) 
T(1) = a0 + V(1) * (a1 + V(1) * (a2 + V(1) * (a3 + V(I) * 
(a4 + Ttail)))) 
I result come out as second and volt, re-format the data 
I to besaved in diskfile for future import to graphic 
I program, if necessary 

IF I: > 0 THEN 
LINE (Time - H1, V(I - interval))-(Time, V(1)) 
LINE (Time - H1, T(I - interval) / Factor + Ymim)-(Time, 
END IF 

T(1) / Factor -t Ymim) 

'PRINT USING " # # # . # # # # # # " ;  Time; 
' PRINT "SEC" , 
'PRINT USING "### .###### ' I ;  V ( 1 )  ; 

'PRINT USING " # # # # l f ;  T ( 1 )  
PRINT "VOLTS", 

IF UCASE$(ans$) = 18y19 THEN 
PRINT #2, USING " # # # . # # # # # # " ;  Time; 
!PRINT #2, USING " # # # . # # # # # # " ;  v(I) ; 
PRINT #2, USING " # # # # # # " ;  T(I) 

END IF 

j = j + 5 * interval 
IF j > LEN(DATA$) THEN EXIT FOR 

'depend on how data point to 
'be read, 5 for all data 

NEXT I 
IF UCASE$(dump$) = THEN 

DATA$ = t '8 '  'free up memory for screen dump 
I CALL scrndump ( Ir10018, 1, 1) Pro. lib procedure 
CALL herc.hp 

END IF 
CLOSE #2 

END 



207 

E$ = CHRS(27) 'escape 
Hdr$ = E$ + lt*tlOOrga '75dpi resolution 
Hdr$ = Hdr$ + E$ + rr*rlAttlinitialize graphics 

HERCdataS = SPACE$(HERClength) 'room f o r  screen image 
DEF SEG 
BLOAD al$tmp.tmlla, SADD(HERCdata$) 'bload it into 

HERCdataS 

OPEN tf$tmp.tm2al FOR RANDOM AS #99 LEN = 96 

FIELD #99, 6 AS Start$, 90 AS Dat$ '90 bytes per line 
LSET Start$ = E$ + a8*b90W11 'start graphic 

'99 should be safe number 

command 

FOR x = 1 TO 7830 STEP 90 'create image file 7830 
'bytes per interleaf 

FOR j = 0 TO 3 

PUT #99 
NEXT j 

LSET Dat$ = MID$(HERCdata$, 8192 * j + x, 90) 

NEXT x 
CLOSE #99 

LPRINT Hdr$; 'lprint header directly 
SHELL lacopy $tmp. tm2/b lptl: >nul: 'copy the data 
LPRINT E$; 'lfrB'I; E$; "Eta; 'end-of -graphic + reset 
KI LL $ tmp . tm? 'I 'delete temporary files 

END SUB 

SUB Viewport (Xmim, Xmax, Ymim, Ymax, Tmim, Tmax) 

Title$ = "Nicolet Oscilloscopevt 
Xaxis$ = tlTIME (SEC)" 
Yaxisl$ = VOLTAGE (V)" 
Yaxis2$ = IITEMPERATURE (C) 
Xticknum = 9 
Ylticknum = 7 
Y2ticknum = 6 

CLS : SCREEN 8 'EGA screen 8 (Hercules screen 3 ,  view 
160,40-560,270) 

VIEW (140, 20)-(500, 150), , 1 
Xrange = 500 - 140 + 1 
Yrange = 150 - 20 + 1 
XTick = Xrange / (Xticknum + 1) 
YlTick = Yrange / (Ylticknum + 1) 
Y2Tick = Yrange / (Y2ticknum + 1) 
TickLength = Xrange / 25 

FOR I = 1 TO Xticknum 
'Label X axis 
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LINE (I * XTick, Yrange)-(I * XTick, Yrange - 
LINE (I * XTick, 0 ) - ( I  * XTick, TickLength / 2) 

TickLength / 2) 

NEXT I 
'Label left Y axis 

FOR j = 1 TO Ylticknum 

NEXT j 

FOR K = 1 TO Y2ticknum 

LINE (0, j * YlTick)-(TickLength, j * YlTick) 
'Label right Y axis 

Y2Tick) 
LINE (Xrange, K * Y2Tick)-(Xrange - TickLength, K * 

NEXT K 

WINDOW (Xmim, Ymim) - (Xmax , Ymax) 
LOCATE 21, 17: PRINT Xmim 
LOCATE 21, 61: PRINT Xmax 
LOCATE 20, 13: PRINT Ymim 
LOCATE 3 ,  13: PRINT Ymax 
LOCATE 20, 65: PRINT Tmim 
LOCATE 3, 64:  PRINT Tmax 

PT% = 4 0  - LEN(Title$) / 2 
LOCATE 2, PT% 
PRINT Title$ 
PX% = 40 - LEN(Xaxis$) / 2 
LOCATE 22, PX% 
PRINT Xaxis$ 
PY1% = 12 - LEN(Yaxisl$) / 2 
FOR I% = 1 TO LEN(Yaxisl$) 

LOCATE PY1% + 1% - 1, 14 
PRINT MID$(Yaxisl$, I%, 1) 

NEXT I% 
PY2% = 12 - LEN(Yaxis2$) / 2 
FOR j% = 1 TO LEN(Yaxis2$) 

LOCATE PY2% + j% - 1, 67 
PRINT MID$(Yaxis2$, j%, 1) 

NEXT j% 

END SUB 
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Grain Boundarv Bubble Growth 

This appendix details the computer program for 

calculation of the grain boundary bubble growth as a 

function of time in the HAZ during welding. 

written using Microsoft QuickBasic, version 4.5. 

This program is 

DECLARE SUB Regime11 ( )  
DECLARE SUB Model (ModelNumS, GrowConst!, RIII!, DgbIII!, 

DlaIII! ) 

CLS 
'INPUT "Enter the size of array (iteration) = I), E% 
E% = 400 
DIM SHARED Time(E%) , Temp(E%) , TS(E%) , Size(E%), 
CoolTime (E%) 

'General purpose constant 

CONST Pi = 3.14159 
CONST GBThickness = 4E-10 '(M) 
CONST Spacing = .000001'(M) 
CONST Boltzmann = 1.380533-23 I(J/K) 

CONST Surfconst = 2 
CONST TempInit = 293'(K) 
CONST Tmax = 1573 '(K) 
CONST RI = 1E-09 '(M), final radius at Regime I 
CONST Enthalpy = 1.8 * eV 
CONST Entropy = 1.5 * Boltzmann 
CONST Qdiff = 1.65 ACTIVATION ENERGY FOR DIFFUSION 
CONST DeltaTime = .01 'Time interval for Regime I11 
CONST Xmin = 0 
CONST Xmax = 4 
CONST Ymin = 0 
CONST Ymax = 1.2 

CONST eV = 1.602095E-19 ' (4 
CONST Volume = 1.2057E-29'(MA3) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Temp(0) = Tmax 
CoolTime(0) = 0 

CALL Regime11 

CLS 
PRINT I'Final bubble diameter in Regime I1 is 
PRINT USING t t # . # # # # # # # l l ;  2 * lOOOOOO! * RII; 
PRINT urn1# 
PRINT 

PRINT "Press any key to continue Regime 111." 

DO: LOOP UNTIL INKEY$ <> 

Choice$ = UCASE$(INPUT$(l)) 
LOOP WHILE INSTR(lf1234SPDQn, Choice$) = 0 

SELECT CASE Choice$ 
CASE I1 1 1 1  I I S I I  

t 

Filespec$ = IISCRN: 

Filespec$ = "LPTl: 

INPUT "What is the file name ? I t ,  Filespec$ 
CASE ELSE 

END 

CASE 112 I1 11 pll 
t 

CASE 113 ll IIDtI 
I 

END SELECT 

DO 
CIS 
PRINT "Choose a model number to calculate growth 

PRINT 
PRINT "1. Hull -Rimmertl 
PRINT "2. Speight - Harris" 
PRINT "3. Speight - Beere" 
PRINT " 4 .  J. Weertman" 
PRINT "5. Dobes-Cadek" 

rate" 
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PRINT "6. B.T.M. Lob" 
ModelNumS = INPUT$(l) 

LOOP WHILE INSTR(811234561t, ModelNumS) = 0 

CLS 
OPEN Filespec$ FOR OUTPUT AS #1 

INPUT "APPLIED COMPRESSIVE STRESS (Pa) = 'I; Compress 

CLS 
IF Choice$ = 11311 OR Choice$ = l lDmf THEN 

PRINT "Data saving in progress . . I' 
ELSE 
PRINT #1, " TIME DIA. TEMP THERMAL UTS 

GBs YS" 

MPa MPa" 
PRINT #1, 
VIEW PRINT 4 TO 24 'Preserve the output title label 

PRINT #1, It sec um K MPa MPa 

END IF 

RIII = RII 'Initialize size at beginning of Regime 111 

Size(0) = RIII * 2000000! 
FOR I = 1 TO E% 

'IF RIII >= Spacing / 2 THEN 'Speight & Beere invalid 
'I = E% 
'GOT0 Nextloop: 'exit when RIII 
'END IF 

Tirne(1) = I * DeltaTime + .785 
'for 0 to 7 sec cooling data point 

TempPart = 36.815986# f Time(1 
(-.234133 + .025553 * Time(1))) 

reach critical size 

'TIME 

fit 
* (-2.286686 + Time I * 

. . . _  
Temp(1) = 1573.349115# + Time(1) * (49,728468# + Time(1) 

* (-150.006827# + Time(1) * Temppart)) 
DeltaTemp = Temp(1 - 1) - Temp(I) 'DELTA TEMPERATURE 

'Calculate the Young's Modulus (Pa) 

Temp(1) = 1.8 * Temp(1) - 459.4 'CONVERT TO 
TEMPERATURE F 

ModTail = 3-69785E-06 * Temp(1) 2 - 7.7091883-10 * Temp(1) 
" 3  
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Modulus = 6.894757E+09 * (28.33669 - (2.8822113-03 * 
Temp(1) ) - ModTail) 
ICalculate the thermal strain 

Strainl = 2,6798523-06 * Temp(1) 2 - 4.954733-10 * Temp(1) 
" 3  

Strain2 = .0000018 * (8.09139 + (5.4969483-03 * Temp(1)) - 
Strainl) 

Deltastrain = DeltaTemp * Strain2 
Strain = Deltastrain + Strain ITotal strain 

'SHRINKAGE STRESS Pa, ADD EXTERNAL APPLIED STRESSES 

ShrinkStressl = (Modulus * Strain - Compress) 
'Effect of Surface Tension on the bubble growth 

Temp(1) = (Temp(1) + 459.4) / 1.8 'absolute temperature 

Gamma = -.00151 * Temp(1) + 4.11 
SurfaceTension = Surfconst * Gamma / RIIIIPa 
Shrinkstress = ShrinkStressl - SurfaceTension 

IF Shrinkstress < 0 THEN 
Shrinkstress = 0 

END IF 

TS (I) = Shrinkstress 

'GB DIFFUSIVITY 

DgbIII = 7.7E-14 / GBThickness * EXP(-Qdiff * eV / 
Boltzmann / Temp (I) ) 

'Lattice diffusivity 

DlaIII = ,000105 * EXP(-67800 / 1.987 / Temp(1)) 
'AMOUNT OF BUBBLE GROWTH 

GrowConstl = DgbIII * GBThickness * Volume * TS(1) * 
DeltaT ime 

Growconst = GrowConstl / 2 / Boltzmann / Temp(1) / RIII 

CALL Model(ModelNum$, Growconst, RIII, DgbIII, DlaIII) 
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RESULT: 

RIII = RIII + Growth 'BUBBLE SIZE RADIUS 
Size(1) = RIII * 2000000! 'BUBBLE DIAMETER IN urn 
TS(1) = TS(1) / lOOOOOO! 'THERMAL STRESS MPa 

'Produce output to Destination #1 

PRINT #1, USING : I # # # # . # #  I!; CoolTime(1) : Size(1); Temp(1) 

Nextloop: 

NEXT I 

CLOSE #1 

END 

IF ModelNumS = ' I l 1 I  THEN 

Heading$ = I s < <  HULL-RIMMER MODEL >>It 

Growth = Growconst * 4 * Pi / Spacing 
ELSEIF ModelNumS = 9r2t' THEN 

Heading$ = I t < <  SPEIGHT-HARRIS MODEL >>I1 

SHconstl = 1 / RIII - 4 * RIII / Spacing * 2 
SHconst2 = LOG(Spacing / (2 * RIII) ) 
SHconst3 = (Spacing 2 - 4 * RIII 2) / (2 * Spacing 

2) 
Growth = Growconst * SHconstl / (SHconst2 - 

SHconst3 ) 

ELSEIF ModelNumS = I t 3 1 1  THEN 

Heading$ = SPEIGHT-BEERE MODEL >>If 

Sbconstl = 1 - 4 * RIII 2 / Spacing 2 
SBconst2 = Sbconstl * ( 3  - 4 * RIII 2 / Spacing 2 )  

SBconst3 = LOG(Spacing / 2 / RIII) - SBconst2 
Growth = Growconst / RIII / SBconst3 

/ 4  

ELSEIF ModelNumS = 114r1 THEN 
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Heading$ = If<< J. WEERTMAN MODEL >>I8 

JW.const = 4 * LOG(Spacing / 2 / RIII) - 3 
CO = (EXP(-Enthalpy / Boltzmann / Temp(1)) * 
Growth = GrowConst * 4 * CO / RIII / JW.const 

EXP(Entropy / Boltzrnann)) 

ELSEIF ModelNumS = l15l1 THEN 

'Assume numerical factor Gamma=l 

Heading$ = 'I<< DOBES-CADEK Model >>'I 

DC,Constl = (2 * DlaIII / .00007 / GBThickness / 

DC.Const2 = (.00007 * GBThickness * DgbIII / 8 / 
DgbIII) .5 

DlaIII / RIII * 2) .5 

Growth = GrowConst * DC,Constl * (1 + DC.Const2) 
Heading$ = If<< DOBES-CADEK Model >>'I 

'Assume volume relaxtion is 13% (6-20% for infinit cryatal) 

Heading$ = It<< B.T.M. LOH MODEL > > I '  

Growth = GrowConst * 5 * .13 / RIII 

'Grain boundary diffusion 

DgbII = 7.73-14 / GBThickness * EXP(-Qdiff * eV / 
Boltzmann / Tmax) 

Cv = (EXP(-Enthalpy / Boltzmann / Tmax) * EXP(Entropy / 
Boltzmann) ) / Volume 

'Final radius at Regime I1 

RIItail = 3 * GBThickness * Volume * DgbII * Cv * 
DeltaTirneII / 2 

RII = (RI 3 + RIItail) (1 / 3 )  

END SUB 
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Volume Averaqe Diameter 

This appendix details the computer program for 

calculation of the cavity volume average diameter ( V A D ) .  

This program is written using Microsoft QuickBasic, version 

4 . 5 .  

DECLARE SUB inputdata ( )  
DECLARE SUB changedata ( )  
DECLARE SUB inqury ( )  

I 

I----------------------- ----______________---- VAD.BAS . . . . . . . . . . . . . . . . . . . . . . . . .  
This program calculates the volume-average diameter of a 
set of cavity or bubble distribution. 

1----------------------------------------------------------- -------__----____---___________________I------------------- 

COMMON SHARED i, j, k, m, z 
2 = 100 I total number of classes 
D I M  SHARED diameter ( 2 )  , count ( 2 )  
i = 1  
n = O  
Nd3 = 0 
CLS 
CALL inputdata 
F O R m =  1 TO i - 1 
n = n + count (m) 
N d 3  = count(m) * diameter(m) A 3 + Nd3 
NEXT m 
vad = (Nd3 / n) * (1 / 3 )  
PRINT 
PRINT I1Total cavity number = It; n 
PRINT *!The cavity volume-average diameter = vad; 
llmicrometer. 
END 

SUB changedata 
PRINT 
INPUT 
PRINT 
INPUT 
PRINT 
INPUT 
INPUT 

: PRINT : PRINT 
Which the data number to change ?I1, num 
I1Old diameter = ; diameter (num) 
'Inew diameter = I t ,  diameter (nun) 
maold number of count = If; count(num) 
Isnew number of count = 11, count (nurn) 
Ignore change ? 11, ans$ 

IF UCASE$(ans$) = llYt8 THEN CALL changedata 
CALL inqury 
END SUB 

SUB inputdata 
PRINT : PRINT : PRINT 
PRINT IIPlease input cavity diameter and number of count" 
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PRINT "Enter SPACE twice to end input" 
PRINT 
FOR i = i TO z 
INPUT 'Iinput cavity diameter = It, diameter(i) 
INPUT #$input number of cavity = It, count(i) 
IF diameter(i) = 0 THEN EXIT FOR 
NEXT i 
CALL inqury 
END SUB 

 count^' 

SUB inpry 
CLS 
PRINT : PRINT : PRINT 
PRINT "No. Diameter 
PRINT 
FOR j = 1 TO i - 1 
PRINT j, diameter(j), count(j) 
NEXT j 
PRINT 
DO 
INPUT "(A)ppend, (C)hange or (G)o to calculate VAD ?I1, ans$ 
LOOP WHILE INSTR(11aAcCgGt8, ans$) = 0 
SELECT CASE ans$ 

CASE lfclr , llC1g 
CASE itait , llA1t 

CALL changedata 

CALL inputdata 
END SELECT 
END SUB 
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