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Some coid-worked austenitic stainless steels with titanium addition exhibit a low creep ductility and a notch 
sviisiimty in the temperature range of 550 *C to 750 *C and for trmes to rupture from 10 to 10.000 hours, 
h lus been shown that this embrmlement increases highly with cold-work percentage, with solution annealing 
temperature, and depends on chemical composition because these factors can modify tfie difference of 
rurdness between grains and gram boundaries. 

INTRODUCTION 

1. During earlier investigations regarding selec
tion ot cladding materials for liquid metal fast 
breeder reactors, it has been noticed that some 
cold worked austemuc stainless steels ol the 316 
type, with titanium addition may exhibit a low 
creep ductility and a notch sensitivity in the 
temperature range of 550 # C to 750 *C and for 
times to rupture ranging from ten to ten thousand 
hours. Thus, it appeared that these steels could be 
either brittle or ductile. 

The purpose of this work is to investigate the 
reasons of that difference of behaviour. Conse
quently, the parameters able to increase creep 
enibrittlement ot these steels have been studied 
during creep rupture tests. Tests have been 
performed on products chosen such as to allow to 
determine the influence of chemical composition, 
solution annealing treatment and cold-work percen
tage on creep ernbhttlcment. 

KinTEKiALi ANC EXPERIMENTAL TF<~HNMOIIRS 

2. Ten products were tested. They originate from 
eight heats of 316 S.S. with titanium addition. The 
chemical compositions are given in table I 

The finished products are either bars with a 
diameter of 8 mm, or tubes with a thickness of 
0.45 mm and an external d.ameter of 6.55 mm, or 
a sheet 3 mm thick. As may be seen on table I I , 
they are solution-annealed before cold-work, at 
temperatures ranging between 1100 and 1150 *C 
except the ones treated between 900 *C and 
1200 *C in order to study this specific parameter. 
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Table I - Chemical composition 

Table II - Characteristics of the different products 

Tensile and pressure rupture creep tests were 
respectively conducted on cylindrical samples and 
on argon pressurized tubes. During the tensile 
tests, the creep elongation of the specimens was 
measured with a magnification of ICO while during 
the pressure rupture tests only the life time and 
its scatter was measured. 

The different samples are schematized on f i 
gure I . They are, tor those machined from bars, 
either cylindrical smooth specimens with a dia
meter of * mm and a gage length of 20 mm or 
double specimens, one smooth and the other not
ched, the stress intensity factor is K f - *• 
Pressurized lubes are also either smooth or not
ched. 
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DIFFERENCES OF BEHAVIOUR BETttEEN A 
CPCE." DLCTILE AND A CHEEP BRITTIE 
MATERIAL 

3. It nas been observed that creep ductility of 
brittle products in the range of temperatures and 
strcises ol our experiments is less than 3 fc while 
"•ai of ductile products is near 20 %. This 
difference is related to the absence of tertiary 
rrt-ep on the creep curve of a brittle rr.atenal 
(ligure 2). Moreover, iracure of brittle specimens 
is generally located in a place where there is a 
stress concentration like shoulders for smooth 
specimens. As an example, figure 3 shows a creep 
specimen broken near shoulders after a life time of 
V>9t, fiours at 650 "C under a stress of ISO MPa. 
Intergranular cracks, can also be no-..ced, in the 
groove used to attach the ex ten some ter, whereas 
the cross section at this point is 16 times higher 
than the specimen cross section. Consequently, 
broken specimens of brittle materials do not exhibit 
any striction, because fracture is the consequence 
of propagation of intergranular creep cracks which 
were observed to nucleate at the surface. 

INFLUENCE OF THE DIFFERENT PARAMETERS 

4 
4.1. Conditions of the creep tests 

A low creep ductility and a fracture located near 
the shoulders of smooth cylindrical specimens have 
been observed on product B in the temperature 
range of 5)0 *C to 730 *C and for times to rupture 
from to 10 to 10.000 hours. On figure 4, creep 
rupture elongation has been plotted against life 
time for this product and two ductile ones, C 
and D. From these results, i t appears that in the 
experimental range, temperatures and stresses have 
no influence on creep embrinlement of these 
products. Consequently, only one temperature, 
630 *C , has been chosen to study the influence of 
parameters susceptible to embrittle these steels, 
in order to limit the number of tests. 

4.2. Influence o( cold-work 

niter a same suiuiiûr, aôr,cû'ii~g ?rc;*?rr.cr.?, :? 
appears that creep rupture elongation decreases 
when cold-work percentage increases. As an 
example, it lias been noticed that creep ductility of 
product B, at 630 *C under a same stress 230 MPa, 
after a solution annealing treatment of 5 mn at 
1150 *C is near 20 % while after • 20 % cold-work 
it is only 2 %. It has also been shown that the 
cold-work technique : drawing, tensile elongation or 
swaging has no significant influence on the creep 
ductility. 

4.3.lnlluence of solution annealing treatment 
_and grain size 

Bars of product C have been solution annealed at 
900 *C , 950 * C , 1000 ' C , 1050 «C, 1100 'C, 11 JO *C 
and 1200 ' C and finally 20 % cold-worked. The 
creep rupture elongations which were obtained have 
been plotted as a (unction of the solution annealing 
temperature on figure 3. It appears that when this 
temperature increases the creep ductility decreases 
and finally the material becomes brittle when the 
temperature reaches 1200 # C . 

Table II shows triji grain size also increases with 
temperature, but this effect Ccfir.ot be separated 
from that of sc!ub;tit> variation of the different 
chemical elements (1). 

4.4. Influence of chemical composition 

This effect has beer, studied on products which 
differ only by one chemical element, like bars A 
and E and tubes F, C ir«j 3. It can be seen in 
table I and I I , that A and F have been manu
factured from heat I , E and C from heat 5, J from 
heat 8, the latters four have been respectively 
obtained by addition of 0 153 % of phosphorus and 
20 ppm of boron in heat I . 

On bars E, the effect o! phosphorus has been 
studied during creep rupture tests conducted at 
650 *C on smooth and notched specimens for 
stresses between 220 and 320 MPa. The results are 
plotted on figure 5 which shows that life time of 
product E is 300 times higher for smooth samples 
than for notched samples while for bars A, these 
times are similar. It also appears that phosphorus 
increases the life time of product E, if the 
specimens do not present any delect causing stress 
concentrations. 

For tubes, tests have been performed only at 
650 *C under a hoop stress of 280 MPa. All the 
creep results have been plotted on figure 7 which 
gives time to failure of all samples. It appears 
that there is no difference of life time between 
smooth and notched samples and that product 3 
with the highest boron content has the longest life 
time while product F and C have a shorter life 
time. This effect of boron is well-known (2, 3). 

From these results, it seems that the life times of 
brittle tubes during pressure creep tests are always 
shorter than those of ductile tubes, whereas life 
times of brittle smooth bars are higher than those 
of the notched ones. 

It has been tried to localize phosphorus and boron 
:r. s2rr*.pies by X and ionic rnirrnnrnhr analysis. It 
has been noticed that on all products, except those 
with a high phosphorus content, ionic analysis shows 
an increase of boron content on grain boundaries. 
On products with phosphorus addition, only an 
important segregation of this element on grain 
boundaries has been observed by X-analysis. It has 
been concluded that there is a strong difference of 
chemical composition near the grain boundaries 
between products with phosphorus addition and the 
others. 

DISCUSSION 
5. Embrittlement of 316 S.S. with addition of Ti, 
Nb, V or Ta (4 to 6) after a high temperature 
treatment (1300 *C) is well-known. It is the conse
quence of carbides precipitation on large stacking 
faults never seen by electron transmission micros
copy in the cold-worked steels studied here. On 
the other hand it has been shown that our samples 
are always ductile when they are solution-annealed. 
Thus, it seems that embrittlement is tied to the 
difference of hardness between grain boundaries 
and matrix. 



Vf.\ d.lfereiice is increased b> cold-work, becajse 
( ' .stat ions are pinned on v e very small titanium 
Ci'^ces i;s;>ersed within ::>e gram. *hi le t'iey 
* -rir.vi; t^nii the Sari.e network r-ear grain nouri-
r.anes «.here there are only large precis aies iiKe 
LtiroTnurri Carbides. 

bolution-annealing treatment is also a parameter 
viuch can modiiy embritllement, because it chan
ges tr,e grain size, the dissolution of trie ditierent 
cr.emical elements and their distribution in the 
ftains and the grain boundaries. Tne higher the 
solution annealing temperature, the larger the grain 
size which favours mtergranular sliding and conse
quently embrittlement ; the higher the solution-
ariiicaling temperature, the better the dissolution of 
chemical elements, which increases the possibility 
ol nucleanon of titanium carbides and thus the 
hardness of grains and embrittlement. The higher 
ttte solution-annealing treatment, the higher the 
diffusion which allows elements like phosphorus (7) 
to migrate towards boundaries and to reach its 
equilibrium concentration at this temperature. It 
must be noticed here that this concentration 
decreases when the temperature increases, but it 
can be assumed that the essential difficulty is to 
reach it . These considerations are in agreement 
with experimental results : a too high temperature 
tor the solution-annealing treatment increases the 
embrittlement, but since good mechanical pro
perties are only obtained when the temperature 
obtained is high enough, there is a very narrow 
range for the annealing treatment temperature, 
depending on the composition of the alloys. 

The relationship between the solution annealing 
temperature T and the chemical composition can be 
expressed by the following relationship (S) : 

log I Til ICI * - LK1 * 2.97 

where ITil and ICI are free titanium and carbon 
contents in the steel for an absolute tempera
ture T. But the amount of titanium able to form 
titanium carbides is that amount which remains 
after TiN, T^S and T12B precipitates nave been 
formed. 

If one applies this relationship to products A, B, C 
and D it can be shown that Ti C are entirely 
dissolved for B and C materials annealed at 
11)0 *C and 1200 *C. The complete dissolution of 
Ti C at high temperature permits the largest 
precipitation of Ti C later on, and the highest 
hardness of grains, which embrittles these steels. 

It has also been deduced from our tests that there 
is no significant notch effect on tubes, while it is 
very high on bars. It seems that for brittle tubes, 
life dine is shorter than for ductile ones, while it 
is the opposite on smooth bars. To explain the 
absence of a notch effect, it can be said that 
fabrication scratches may cause stress concentra
tions equivalent to that of the machined notch and 
therefore that a tube i» always "notched" .But it 
can be also noticed that on very thin tubes, stress 
concentration due to a machined groove 30 micron 
deep, can be easily relaxed. 

The difference of life time is more difficult to 
understand. But in these brittle materia!, little 
cracks nucleate at the beginning of secondary creep 
and 11 is possible that their propugotion rates are 
different, because stress distributions are not simi
lar in the two kinds of specimens. 

Consequently, it seems that when these steels are 
used as cladding materials, a mechanical groove 
canriot decrease their hie time. Furthermore during 
irradiation, hardness ot grams and creep rupture 
elongation drastically drops. therefore embrit
tlement of these materials before irradiation does 
not appear significant. 

CONCLUSION 

6. It has been shown that titanium austenitic 
stainless steels may be either ductile or brittle in 
creep.. 

The study of parameters which govern the embrit
tlement of these materials shows that solution-
annealing treatment performed at a too elevated 
temperature or an addition of 0.15} % of phos
phorus increase embrittlement while addition of 
20 ppm of boron has the opposite effect. 

It appears that in our experimental conditions there 
is never any notch effect on tubes while this effect 
is strong on bars. The effect of embrittlement on 
tubes is to reduce their life time. 
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Fig. I - Geometry of the samples 
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Fig. 3 - Intergranular crack in the groove used to 
attach the extensometer on a creep specimen 
broken near shoulders. 
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Fig. * • Comparison between creep rupture elon
gation of brittle and ductile bars. 
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Fig. 3 - Influence of solution annealing temperatu
re on creep rupture elongation of a cold worked 
316 S.S. with titanium addition. 
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Fig. £ - Comparison between time to rupture of 
notched and smooth samples of a brittle and a 
ductile specimen. 
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Fig. 7 - Comparison between time to rupture 
of the different tubes. 


