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ABSTRACT

The bulk properties of annealed 304, 316, and 20% cold-

wor'ced 316 stainless steels are evaluated for the temperature

and radiation conditions expected in a near-term fusion reactor.

Of interest are the thermophysical properties, void swelling

produced by neutron radiation, and the tensile, creep, and fa-

tigue properties before and after irradiation.



I. INTRODUCTION

The austenitic stainless steels are primary candidates for the struc-

tural material of the first wall, blanket and shield of near-term fusion

reactors. For this application, the structural materials will be exposed

to severe neutron-radiation, thermal, mechanical, and environmental condi-

tions. For example, a significant portion (̂  20%) of the total fusion energy

will be deposited on the surface of the first wall by ions, neutrals, and

photons. Since the plasma burn is expected to be cyclic rather than con-

tinuous, the first wall components will be subjected to significant thermal

cycling. As a result, materials problems present one of the major techno-

logical obstacles to the successful operation of fusion reactors. The pur-

pose of the present work is to review the bulk properties of austenitic

stainless steels for the conditions expected in near-term devices. The

properties of annealed Type 304, annealed Type 316, and 20% cold-worked

Type 316 stainless steels will be reviewed for the temperature range from

23 to 550°C. The thermophysical, mechanical, and radiation-swelling proper-

ties of these steels will be considered. In addition, the properties of

welds will be briefly discussed.

II. FUSION RADIATION

The first wall of a fusion reactor will be exposed to neutron, ion (He,

D, T), bremsstrahlung, and synchrotron radiation. The fusion neutron radia-

tion, unlike fission neutron radiation, consists to a large degree of high-

energy (14-MeV) neutrons produced by the D-T reaction. Consequently, the

production rate of helium in stainless steel for a given neutron fluence is

much higher with fusion than with fission neutrons. The types and fluxes

of radiation expected in the ANL Tokamak Experimental Power Reactor (TEPR)

are shown in Table I for a wall loading of 0.5 MW/m2 and a 50% duty factor

(D.F.). Table II shows the predicted neutron damage and hydrogen and

helium generation rates for austenitic stainless steels subjected to such

radiation.

In evaluating stainless steel for use in fusion devices, data on

radiation effects must be obtained from fission-reactor or ion-simulation



Table I. First-wall Particle and Radiation Currents Expected in the TEPR

Species Particles/s/m2 Particles/yr/m2

Fast neutrons 2 x 10 1 7 3.1 x 1021*

Total neutrons . 8 x 10 1 7 1.3 x 10 2 5

Fast alphas 1.4 x 10 1 6 2.2 x 10 2 3

/Slow alphas 2 x 10 1 7 3.1 x lO2*

Deuterium 1 x 10 1 9 1.6 x 10 2 6

Tritium 1 x 10 1 9 1.6 x 10 2 6

Watts/m2

Bremsstrahlung 2 x 101*

Synchrotron 1.6 x 1O1*

Table II. Predicted Effects of TEPR Radiation on Austenitic Stainless Steel

Neutron damage/year 2.7 DPA

Hydrogen production/year 132 appm

Helium production/year 55 appm

Displacements per atom.



experiments, which may not accurately predict the effects of fusion radiation.

Wherever evidence exists that the differences in the radiation environment

will alter materials properties, the experimental data will be adjusted to

reflect the specific operating conditions expected in fusion reactors.

III. THERMOPHYS1CAL PROPERTIES

The temperature dependence of the thermophysical properties of austenitic
2-S

stainless steels is well-documented. " Data on electrical resistivity,

density, thermal expansion, thermal diffusivity, thermal conductivity, and
2

specific heat are given in Figs. 1-6, respectively. In terms of therroo-

physical properties, the differences between 304 and 316 stainless steels

are quite small. There is no experimental evidence that radiation alters

these properties significantly at low to moderate fluences, but there is

theoretical evidence that radiation swelling will reduce the thermal

diffusivity and thermal conductivity as well as the density of stainless

steel.

IV. MECHANICAL PROPERTIES

A. Tensile Properties

The nominal tensile properties of unirradiated stainless steels have
5 7 8

been examined as a function of temperature. ' ' The strength of these

steels depends upon the resistance of the matrix to dislocation motion, which

in turn depends upon prior cold working and heat treatment. Strengthening

factors for stainless steel include high dislocation densities, small grain
Q

sizes, and solid solution hardening, all of which impede dislocation motion.

At room temperature, cold working can increase the yield strength of 316

stainless steel by a factor of 6, to 130 ksi, but can reduce the total elonga-

tion by a factor of 8, to about 5%. Figures 7 through 11 compare Young's

modulus, uniform elongation, total elongation, 0.2% yield strength, and

ultimate tensile strength of 20% cold-worked 316 steel, annealed 316 steel,

and annealed 304 steel as a function of temperature. In general, the

strength and ductility of these steels decrease as the temperature increases,

with sharp decreases occuring above 550 to 600°C. The increase in the
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Figure 1. Electrical resistivity in 304 and 316 stainless steels as a
function of temperature.
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Figure 2. Density of 304 and 316 stainless steels as a function of
temperature.
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Figure 3. Instantaneous thermal expansion of 304 and 316 stainless
steels as a function of temperature.
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Figure 4. Thermal diffusivity of 304 and 316 stainless steels as a
function of temperature.
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Figure 5. Thermal conductivity of 304 and 316 stainless steels as a
function of temperature.
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Figure 6. Specific heat of 304 and 316 stainless steels as a
function of temperature.
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Figure 7. Youngs modulus of 304 and 316 stainless steels as a function
of temperature.
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Figure 8. Uniform elongation of annealed 304, annealed 316, and
20% cold-worked 316 stainless steels as a function of
temperature.
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Figure 9. Total elongation of annealed 304, annealed 316, and
20% cold-worked 316 stainless steel as a function of temperature.
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Figure 10. Yield strength of annealed 304, annealed 316, and
20% cold-worked 316 stainless steels as a function of
temperature.
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Figure 11. Ultimate tensile strength of annealed 304, annealed 316, and
20% cold-worked stainless steels as a function of temperature.

ductility of 20% cold-worked 316 steel above 600°C is due to recrystallization,

which produces an annealed structure.

Radiation can change the strength and ductility of stainless steels by

altering the dislocation density, by producing defects (dislocation loops,

voids, precipitates, etc.) that act as barriers to dislocation motion at

lower temperatures, and by producing helium which embrittles the grain

boundaries at higher temperatures. As an example, the effect of radiation

(<\, 10 2 3 n/cm2, E > 0.1 MeV) on the ductility of 304 stainless steel as a

function of temperature is shown in Fig. 12. Total elongation remains

above 1% up to 482°C (-v- 900°F), after which it drops off sharply. Above

593°C (<v 1100°F), the ductility is practically zero. At lower temperatures

(< 500°C), radiation will increase the strength and decrease the ductility

of annealed stainless steel, while it will decrease both the strength and

ductility of 20% coldworked stainless steel. This icrease in ductility is

produced by radiation-induced matrix hardening and dislocation channeling

which produces highly localized slip at high fluences.
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Figure 12. Ductility of irradiated type 304 stainless steel as a function
of test temperature.

Radiation-produced defects reduce dislocation mobility, thus increasing

strength in the matrix. The matrix hardening also changes the fracture

mechanism. Unirradiated stainless steel normally fractures by growth

and coalescence of microvoids, while at temperatures below 600°C highly

irradiated stainless steel fractures by extensive slip along narrow bands

(channel fracture). It is believed that if a single dislocation can be

pushed through a hardened matrix, it may clear a path for other dislocations.

At high fluences, shear on active slip planes becomes so extensive that the

grains literally slide apart. The general effect is a gradual shift from

homogeneous to heterogeneous shear with increasing radiation damage.

Matrix hardening can also lead to decreased ductility by forcing most of the

deformation to be absorbed by the grain boundaries. This results in ex-

cessive grain-boundary shearing, which leads to high stresses and subse-

12
quent failures at grain-boundary triple points. As might be expected,

cold-worked material, which has a low ductility to begin with, is affected

proportionally less than annealed material by this ductility-loss mechanism.

Ductility loss due to the presence of helium dominates the fracture process

at elevated temperatures (> 600°C). Helium generated in the matrix by (n,ct)

10



reactions segregates into bubbles along grain boundaries. Under an applied

stress, the bubbles grow and coalesce to initiate cracks. The result is an

intergranular fracture and a sharp decrease in ductility. Between 500 and

600°C» matrix hardening and helium embrittleraent can both influence ductility.

The effects of helium embrittlement may be severe, since large amounts

of he1ium will be produced (see Table II). The potential effects of such

large concentrations of helium on the ductility of 316 stainless steel have
13

recently been investigated. At ^ 600°C, <v 60 dpa, and ^ 4000 appm He, the

total elongation in annealed and 20% cold-worked 316 steel was 0.8% and 0.2%,

respectively. At 680°C, the total ductility was practically zero for both

materials under similai irradiation conditions. This low ductility is

clearly unacceptable, and thus the onset of helium embrittlement will limit

the operating temperatures of stainless steel structural components in

fusion reactors. Experimentally, the presence of helium will begin to re-

duce ductility above 550cC, ' and the effects of helium on ductility are

greatest at low strain rates (e.g. creep conditions). To minimize helium

embrittlement, the operating temperatures of structural components should

be kept below 550°C and, if possible, closer to 500°C as a safety margin.

The effects of neutron irradiation on the strength and ductility of

austenitic stainless steels at ^ 500°C are shown in Figs. 13 through 16.

The data used to determine these curves are taken from experiments in

which the steel samples were irradiated and tested in the temperature

range from 480 to 540°C. ' »13»15" The error bars show the range of

experimental values. Since little information exists for irradiation above

20 dpa (equivalent to a fission-reactor flux of 1> 4 x 10 2 2 n/cm2, E > 0.1
12

MeV)s, the curves are of limited accuracy at higher fluences. The curves

indicate that the strength and ductility differences in these materials be-

come smaller with irradiation. At fluences above ^ 40 dpa, the yield

strengths and ultimate tensile strengths approach ^ 80 ksi, and the uniform

and total elongations approach 0.5 and 1.0%, respectively. Annealed 316

stainless steel has the highest ductility up to at least 20 dpa. The limited

data obtained above 20 dpa indicate that a saturation level may be reached

above which the deterioration of tensile properties slows or stops.^ How-

ever, the lack of data between 20 and ^ 60 dpa prevents the determination of

this saturation point.

11
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Figure 13. Uniform elongation of annealed 304, annealed 316, and 20% cold-
woirked 316 stainless steel at 500eC as a function of radiation
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worked 316 stainless steels at 500°C as a function of radiation
damage and time.
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radiation damage and time.
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cold-worked 316 stainless steels as a function of radiation
damage and time.

13



The changes in strength and ductility with time at a wall loading of

1.0 MW/m2 are also shown in Figs. 13 through 16. It appears that uniform

elongation will reach <v 1% after 2.5 yr. To date, a minimum ductility re-

quirement for structural materials has not been established. The lifetime

of a stainless steel first wall will obviously be quite sensitive to such a

ductility criterion.

Creep is the time-dependent plastic flow of metals under conditions of

constant stress. Both thermal and radiation creep will occur in fusion

reactors. The strain vs time curve for thermal creep is usually divided

into three stages: stage I (primary or transient creep), where the creep

rate decreases continuously with time; stage II (steady-state or secondary

creep), where the creep rate is constant with time; and stage III (tertiary
23

creep), where the creep rate increases with time until fracture. The

thermal creep rate, e, depends strongly upon the applied stress and tempera-

ture, i.e.,

e = A exp (-Q/RT) a m (1)

where A is a constant, m is the stress exponent, Q is the activation energy,

a is the applied stress, and RT has its usual meaning. The activation

energy for creep is quite close to that for atomic self-diffusion; the
23

stress exponent usually varies from 3 to 5, but can range from 1 to 20.

Thermal creep in austenitic stainless steels is negligible below 500cC but

increases rapidly with temperature above 500°C. This rapid increase in the

thermal creep rate will be a factor in limiting the operating temperatures

in fusion reactors.

Neutron radiation can alter the creep properties of stainless steel.

The effects of irradiation on creep properties have been measured by in-

reactor creep tests and by post-irradiation creep-rupture tests. The

in-reactor creep behavior of stainless steel is not well-characterized.

Several theories for radiation creep have been proposed, but insufficient
24

data are available to determine the operating mechanism(s). In addition,

most of the experiments on in-reactor creep have been done at relatively

low fluences, so that large extrapolations of existing data are necessary

14



to estimate radiation creep in fusion reactors. Post-irradiation creep-rup-

ture tests indicate that radiation damage can alter the creep rate and creep

strain at fracture. In most cases, the total time to fracture is reduced,

because of either an increased creep rate or decreased ductility or

both. 1 3' 1 4' 1 6' 2 0' 2 5" 2 7

Empirical equations developed from a large amount of test data can be

used to estimate the effects of creep. The thermal-creep equation for

Types 304 and 316 stainless steel is

e = e + e [1-exp (-st)l + e [1-exp (-rt)] + e t, (2)
Jj X t Ul

where e is the total strain, eT is the loading strain, e and e,_ are transient
1J X t

strains, I is the steady-state creep rate, r and s are time constants, and

t is the time. In general, these parameters depend strongly on temperature

and stress. Radiation creep can be estimated from an equation of the form

"e/a = B [1-exp H>t/C)] + D<(.t + F ̂ -L (3)

where T/o7 is the ratio of effective strain to effective stress, B is the

transient creep parameter, C is a time constant, D is the steady-state

creep parameter, F is a parameter which determines the effect of swelling

on creep, and AV/V is the percent volume increase due to swelling.

Equation 3 has been developed for 20% cold-worked Type 316 stainless steel,

but it should also apply to annealed stainless steel since the degree of

radiation creep is expected to be similar.

Equations 2 and 3 can be used to estimate thermal and radiation creep

in fusion reactors (Fig. 17). At 500°C, a wall loading of 1.0 MW/m2, and

a 10-ksi tensile stress, radiation creep clearly dominates the creep pro-

cess. It should be emphasized that the radiation-creep equation was formu-

lated with low-fluence O 5 dpa) data and that the influence of high helium

production and significant void swelling on creep was not taken into account.

Since the radiation-creep curve in Fig. 17 does not include the effect of

swelling, it should be considered as a lower limit for dimensional changes

under these conditions.

15
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Figure 17. Radiation and thermal creep at 10 ksi and 500°C.

Post-irradiation creep-rupture lifetimes can also be estimated with

the aid of empirical equations. For annealed 316 stainless steel, the time

to rupture, t , can be written as

tr = D^l , (4)

where a is the applied stress, D and n are parameters that depend on test

temperature, and Z is a parameter that depends on irradiation temperature
28

and total fluence. The 100,000-hour post-neutron-irradiation rupture
28

stress vs dpa at 500, 550, and 600°C is shown in Fig. 18. The rupture

stress first decreases with increasing fluence, passes through a minimum,

and then begins to increase. As the steel is irradiated, both the creep

rate and ductility decrease. The loss of ductility, which can be reduced
14

to below 1%, dominates the creep-rupture process at low fluences and re-

sults in a decreased rupture time. At high fluences, the creep rate is

greatly reduced due to irradiation hardening, and the rupture time is in-

creased even though the ductility remains low. Figure 18 indicates a

minimum creep-rupture stress of t/ 17 ksi at 500°C.

16



Figure 18. 100,000-hour creep-rupture stress in 316 stainless steel
at 500, 550, and 600*C as a function of radiation damage.

One variable about which little is known, but which may be important

for fusion reactors, is the effect of high helium concentrations on the

creep-rupture properties, Helium tends to promote intergranular fracture

at high temperatures and low strain rates. Small concentrations of helium

have been shown to affect creep properties at temperatures greater than
27

550°C, but the effect of high helium content (<v 100 appm) at 500°C is un-

known. One experiment at 550°C has investigated the creep properties of 316

stainless steel at high helium concentration. The results indicate that

the combination of high helium content and neutron damage may drastically re-

duce creep-rupture life.

C. Fatigue

Fatigue is the mechanical response of a material subjected to a cyclic

stress or strain. Fatigue, like creep, can be described in 3 stages. In

stage I (the work-hardening stage), cyclic stressing produces localized slip

bands, usually limited to a small fraction of the grains where the stress

concentration is high. In stage 2, the cold working results in the formation

17



of submicroscopic cracks, and in stage 3, the submicrowcopic cracks coalesce

to form visible cracks. For the case of high-cycle fatigue, localized work-

hardening occurs rapidly after the initiation of fatigue, the formation of

microcracks takes a relatively long time, and fracture occurs soon after the

formation of visible cracks. For the case of low-cycle fatigue, on the
29

other hand, crack propagation occupies most of the total lifetime.

Attempts have been made to predict fatigue life from other mecharical

properties. For many materials, fatigue life is empirically related _o

tensile strength and ductility by the universal slopes equation:

i c uts M-0.12 , _0.6 M-0.6 ,,.

t J.5 ~ — Nf + D Nf , (6)

where Ae is the total strain range of the fatigue test, a is the ulti-

mate tensile strength, E is Young's modulus, Nf is the number of cycles to
30

failure, and D is the ductility coefficient. The ductility coefficient,

D, is equal to S,n [100/(100 - RA)] where RA is the percent reduction in area

at fracture. At low strain ranges where little or no yielding occurs, this

relationship predicts that the fatigue life is governed by the strength of

the material, while at high strain ranges, the fatigue life is governed by

the ductility of the material.

The factors that influence fatigue life are somewhat different from

those that influence other mechanical properties. For one thing, the surface

condition plays an important role in fatigue life, particularly in the
31

high-cycle range. Variables such as surface roughness and the environ-

ment surrounding the specimen have been shown to influence the number of

cycles to failure. The fatigue life of stainless steels under a mean com-

pressive stress can be much greater than the fatigue life under a mean
29

tensile stress. This effect can be exploited to increase fatigue life in
tension by shot peening, which increases the residual compressive stresses at

the surface. Other factors influencing fatigue life include grain size,
29

precipitate size, cold work, and surface coatings.

Through detailed fatigue tests, first-order estimates have been made
32

of the fatigue lifetimes of unirradiated 304 and 316 stainless steels.

The results from tests on 304 stainless steel may be used to illustrate the

effects of different variables on fatigue life; annealed and 20% cold-worked

18



32
316 stainless steels are expected to behave in a similar manner. Figure 19

shows that the fatigue life is reduced by a factor of 5 to 10 as the tempera-
32

ture is raised from 430 to 650°C. Figure 20 shows that increasing the hold

time between cycles from 0 to 60 minutes reduces the fatigue life by a factor

of 10, and Figure 21 3 2 shows that the cycles to failure are also reduced by

another factor of 10 as the strain rate is reduced from 4 x 10~2s~1 to

4 x lO^s" 1.

Few experiments have investigated the effects of radiation on fatigue,

and no fatigue experiments have been performed on stainless steels under

conditions similar to those expected in near-term reactors. Most of the

work on irradiated stainless steel has been performed by Brinkman and co-
33—"56

workers. They have shown that radiation reduces the fatigue life of
33

both 304 and 316 stainless steels in the low-cycle range. At 593°C, Type

304 stainless steel irradiated at ^ 1 x 10 2 1 n/cm2 had a somewhat higher

fatigue life than similarly irradiated Type 316 stainless steel. Under the

same test conditions, 11% cold-worked Type 316 stainless steel exhibited a

lower lifetime than the irradiated annealed material. Another experiment

compared the fatigue behavior of several stainless steels at 700°C following

neutron irradiation at up to 5 x 10 2 2 n/cm2 (E > 0.1 MeV). Samples of 304,

304L (Ti modified), and 316 stainless steel plus Incoloy 800 were tested.

All irradiated samples except Incoloy 800 showed reductions in fatigue life-

times by a factor of 1.5 to 2.5 compared with unirradiated samples. The

fatigue lives of Types 304 and 316 stainless steels were similar to each

other, while that of Type 304L (Ti modified) was slightly longer. Fatigue

data for irradiated 316 stainless steel at 700°C are shown in Figure 22.

A neutron fluence of 5 x 10 2 1 n/cm2 (E > 0.1 MeV) reduced the fatigue life-

time by a factor of 2 in the low-cycle range. Extrapolations to higher

cycles to failure were made by fitting a curve with a slope of -0.12 (pre-

dicted by Equation 5) to the existing data. Also shown for comparison is

the elevated-temperature fatigue design curve established by ASME code case

1331-8 for 18 Cr - 8 Ni stainless steel. Because of the lack of data, it is

not possible to fully evaluate the effect of radiation on fatigue. The

effects of high fluences and large helium concentrations are not known; in

addition, no infon 'tion is available on the effects of radiation in the high

cycle range (> 10s cycles), which is the range of greatest interest in fusion

reactors.
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304 stainless steel (e = 4 x 10~3s).
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Figure 20. Effect of hold time on the fatigue life of annealed 304 stainless
steel at 5936C (e = 4 x 10"3s).
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Figure 21. Effect of strain rate on the fatigue life of annealed
304 stainless steel at 593*C.
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Figure 22. Effect of radiation on the fatigue life of annealed
316 stainless steel at 700°C (e = 8 x lCT^s).
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v. SWELLING

Swelling is caused by the segregation of radiation-produced vacancies

into voids during high-temperature irradiation. Considerable swelling has

been observed in neutron-irradiated austenitic stainless steels. Several

factors, including temperature, neutron flux rate, total irradiation dosage,

cold work, grain size, and the presence of helium, influence the amount of

swelling. The peak swelling of neutron-irradiated austenitic stainless steels
37 3fi

occurs between 450 and 600°C. ' The presence of helium does not appear to
39 41

substantially alter the amount of swelling in this range. ' Rather, the

major effect of the helium in the lattice appears to be a broadening of the
39

temperature range where the peak swelling is observed. Minor alloy addi-

tions can influence swelling by segregating around voids and altering the
41-44

flow of vacancies. Additions of such elements as silicon, phosphorus
43 41

and molybdenum, as well as the interstitials carbon and nitrogen, have
been shown to reduce the amount of swelling in stainless steels. Below

39 45
600°C, cold work and reduced grain size also reduce swelling. ' The

effect of cold work and reduced grain size is to create more damage sinks

so that a greater portion of the radiation-produced vacancies and inter-

stitials can be annihilated. Above 600°C some of these sinks begin to anneal

out of the material, and the total swelling becomes similar to that of

annealed material.

The amount of swelling in the first wall of fusion reactors can be esti-

mated from empirical equations. ' Peak swelling is assumed regardless of

the temperature, because of the peak-broadening effect of helium. It should

be emphasized that these curves represent only an average from many different

heats of stainless steels irradiated in fission reactors. For annealed

and cold-worked 316 stainless steel, the equation is

AV 1 1 H
V ot

where <(>t is the fast neutron fluence in units of 10 2 2 n/cm2, and R, a, and

T are parameters which depend on temperature and microstrueture. For

annealed 304 stainless steel, the equation is

^ (%) = A(at)n + B, (8)
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where <j>t is again neutron fluence, and A, n, and B are parameters which de-

pend on temperature.

Peak swelling vs fluence curves derived from the above equations for the
4 46

three steels are shown in Figure 23. ' The neutron fluence, $t, has been

converted to displacements per atom (DPA), using the relation 50 DPA = 10 2 3

n/cm2 (E > 0.1 MeV). The swelling vs time at a wall loading of 1.0 MW/m2

is also indicated. The curves show that cold working of 316 stainless steel

can inhibit swelling significantly (5% at the end of 4 years vs 12% for

annealed 316 stainless steel). The amount of swelling predicted by these

curves probably represents an upper limit. For example, Bloom and Wiffen

have measured the swelling in 316 annealed and cold-worked stainless steel
39

at high fluences and helium concentrations. Af. 528°C, ̂  60 DPA, and ^ 4000

appm helium, the annealed material exhibited a swelling of 8.3% (vs 13% pre-

dicted by equation 7), and the cold-worked material exhibited a swelling of

2.6% (vs 5.7% predicted by equation 7).

>

14

12

0

8

6

4

2

0

• • • • •

i

316
316
304

\

1

2 0 % C W -

ANNEALED

i i

575 °C
- 525 °C

ANNEALED - 450 °C

A
/•

/•
s •

S •
s ••

•

1

1

•
/ /

• /
• /

*/

1 I»V
• /

. * ' _

V

—

.—
-

1
10

j_

15 20 25
DPA

30 35 40 45 50

I
I 2 3
TIME (YEARS AT 1.0 MW/mz)

Figure 23. Peak swelling in annealed 304, annealed 316, and 20% cold-worked
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VI. WELDS

A large amount of welding will be required in the construction of fusion

reactors, and thus the bulk properties of welds will be crucial in estimating

lifetimes of components. Although there is a substantial amount of data on

the properties of welded material, there is very little on irradiated welded

material. The austenitic stainless steels are considered the most weldable
47

of the high alloy steels because of the great toughness of the welded joints.

The properties of welded stainless steel are affected by differences in the

chemical composition and microstructure of the welds as compared with the

base metal. In particular, the oxidation, carburization, and nitrification

that occur during welding can have detrimental effects on the weld integrity.

Among the major constituents of austenitic stainless steels, chromium has

the greatest influence on weld soundness because of its tendency to form

oxides and carbides.

Problems that may arise from welding include the formation of chromium

carbide near the weld (sensitization), which reduces corrosion resistance;

stress-corrosion cracks near the weld due to residual stresses; and micro-

fissures at the weld due to the segregation of low-melting-temperature

particles at grain boundaries. Carbide precipitation in both the weld and

parent metal is usually controlled by either introducing small amounts of

strong carbide-forming elements such as Nb, Ta, and Ti, or by reducing the

carbon concentration. Residual stresses can be removed by a post-weld

annealing treatment, when feasible. Microfissure formation at or near welds

can be reduced by a small increase in carbon content or a substantial in-

crease in manganese content. Weld metal having a wholly austenitic structure

is considerably more sensitive to microfissuring than metal containing some

ferrite (3-4%) in an austenitic matrix. However, ferrite formation may be

undesirable in fusion reactors for two reasons. First, at elevated tempera-

tures the ferrite may form a sigma phase which reduces the corrosion re-

sistance and degrades the mechanical properties of the metal; second, the

ferrite, which is ferromagnetic, will interact with the strong magnetic fitids

present. When dealing with a crack-sensitive austenitic weld (containing

little or no ferrite), it is important to minimize the amount of stress

imposed on the weld metal during cooling from the melting point.
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The tensile properties of the weld may be substantially different from

those of the parent material. In the case of Type 316 stainless steel

welds at elevated temperatures, the yield strength is higher than that of

the parent metal while the ductility is lower and the ultimate tensile

strength is similar. Heat treatment of the weld metal decreases some of

these differences in the tensile properties, but reduces the ultimate tensile

strength below that of the parent metal. Overall, the tensile properties of

316 weld material are quite similar to those of the parent me I in a 7-8%

cold-worked condition. Creep-rupture tests on Type 316 weld-deposited metals

at 538°C indicate that the rupture life is approximately the same as that
49

of the parent metal. The fatigue life of welded structures can be shorter

than that of weld-free structures because the weld itself creates a point of
49

stress concentration where fatigue cracks can originate. Most efforts

to reduce the effects of welds on fatigue life are aimed at reducing stress

concentrations. These procedures include machining the weld flat with the

parent material, relieving stress by annealing, and shot peening to produce

compressive stresses at the surface of the weld. Shot peening is not likely

to be a useful method of minimizing weld effects on fatigue life because of

the enhanced stress relaxation which occurs during irradiation. The long-life

fatigue-stress limit of well-made weld joints appears to vary from 40 to 90%

of that of the parent metal, with many reported values in the range of 55 to

65%.49

The effects of radiation on weld-deposited stainless steel are quali-

tatively similar to its effects on the parent metal. Because of a lack of

data, it is not possible to determine whether the property changes at high

fluences are significantly greater in the weld material. The limited data

available indicate that the property-change threshold for annealed weld metal

occurs at a somewhat lower fluence than for the wrought alloy.

VII. SUMMARY

In order to put the above materials considerations into perspective,

this section will address the most serious problems expected in near-term

reactors. Of the properties previously discussed, the swelling and the

tensile properties can be analyzed in the most straightforward manner. These

properties depend on the composition of the material, neutron fluence, and
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temperature, all of which can be accurately determined. Also, sufficient

data are available for a fairly complete description of these properties

for austenitic stainless steels. Other properties such as creep and fatigue

have a limited data base, and their effects depend on the details of a par-

ticular design. Many of the expected problems include synergistic effects,

unique to fusion reactors, that have not been investigated experimentally.

For example, the poor thermopnysical properties of stainless steel can lead

to large thermal gradients during reactor operation which can result in

differential swelling. The stresses induced by differential swelling can

in turn influence thermal and radiation creep. Evaluation of such problems

must be considered subjective, and sorting out the most important materials

properties is difficult at this point.

Since a fusion reactor requires absolute structural integrity of the

first wall for successful operation, rupture resistance will probably be

the most important property of any structural material. In most cases,

rupture resistance translates into ductility. During normal operation,

creep ductility will be a prime consideration. Fission irradiation can

reduce creep ductility below 1%, and high helium concentrations can also

significantly reduce creep-rupture life. During off-normal operation (e.g.,

plasma dump to the first wall), tensile ductility, which also falls below

1% during the lifetime of the reactor, will become important, It is not

known at present whether this low ductility is adequate to maintain the

integrity of the first wall. Fatigue and creep-fatigue can influence rup-

ture resistance. The cyclic nature of the plasma burn will induce cyclic

thermal gradients which will give rise to cyclic thermal stresses. Over a

10-year lifetime, a reactor will undergo several million plasma-burn cycles

(high-cycle fatigue). Because of their experimental nature, near-term fusion

reactors are expected to be shut down often during their lifetime. The

thermal stresses accompanying shutdown will result in low cycle fatigue.

Such variables as strain rate, temperature, hold time, neutron flux, helium

content, and surface configuration will influence fatigue lifetimes, but the

data are insufficient for proper evaluation. The influence on rupture re-

sistance of the helium generated within the stainless steel is not expected

to be serious, since the operating temperatures will probably be below the

point where helium embrittlement is observed.

26



Because of the enormous total length of welds in the first-wall .'struc-

ture, their rupture resistance is an important consideration. The bulk

properties of welds are often inferior to those of the parent metal; there-

fore, a weld is a likely rupture point. In addition, welds are often areas

of stress concentration that can further reduce rupture resistance. The

welding method greatly influences the microstructure and thus the bulk

properties of the weld. The formation of ferrite within a weld is of par-

ticular concern because of its potential interaction with the large magnetic

fields present. Up to now, little consideration has been given to the bulk

properties of welds in fusion reactors, and there is insufficient data avail-

able to predict the effects of radiation on weld material.

Swelling appears to be a somewhat less important problem than rupture

resistance. Properly designed, the first wall and blanket should be able

to accommodate a moderate amount of swelling without affecting reactor opera-

tion. Differential swelling is potentially the most serious swelling prob-

lem and deserves special attention. Differential swelling can be caused by

thermal and/or neutron flux gradients, differences in microstructure within a

material (e.g., microstructural differences between weld and parent material),

and difference in materials bonded to one another (e.g., low-Z coatings on

the interior of the first wall). A swelling gradient can generate large

stresses that can induce creep and possibly lead to structural failure.

In summary, a few of the bulk properties of stainless steel components

can be estimated with reasonable certainty, while others cannot be properly

evaluated because experimental data are not available. Areas where experi-

mental data would be useful include the effects of high helium concentrations

(y 500 appm) on the bulk properties of stainless steel at ^ 500°C, in-reactor

radiation creep at high fluences, the effects of radiation on fatigue and

creep-fatigue, the effects of radiation on the bulk properties of weld

material, and the interaction of large magnetic fields with small percentages

of ferrite within weld material. Based on presently available information,

rupture resistance is the most important property for structural materials,

with radiation swelling having secondary importance. By this criterion,

annealed 316 stainless steel appears to have the greatest potential for use,

even though swelling is substantially lower in the cold-worked material.
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