Mathematical Modelling of Weld Phenometia

USE OF MODELLING TOCHARACTERIZE
THE RIXK OF HOT CRACKING IN
AUSTENITIC STAINLESSSTEELS DURING
WELDING

G. TRAN VAN*@*, D. CARRON**, P. LE MASSON**,
J. STODOLNA*** A. ANDRIEU*** J. DELMAS* andV. ROBIN*

*EDF R&D, Chatou, France
** Univ. Bretagne Sud, UMR CNRS 6027, IRDI5@.00,Lorient, France
*** EDF R&D, RenardieresFrance, vincent.robin@edf.fr

DOI 10.3217/9783-851256154-27

ABSTRACT

Liquation cracking may occur in the heat affected zone (HAZ) during welding. Two factors infthence
phenomenon: the tensile stresses generated during welding and the potential loss of ductility due to the
presence of a liquid film at grain boundaries depending on their chemical composition.

Gleeble hoductility tests have been used to study thelwoed effect of boron content and holding time

on ductility drop in the liquation temperature range of a 316L type austenitic stainless steel. It is shown
that high boron contents and short holding times promote the loss of ductility in the liquatioratenepe

range. Secondary ion mass spectrometry (SIMS) has been used to correlate mechanical results to boron
distribution either at grain boundaries or in the bulk.

Other weldability tests have been performed to confirm the influence of boron contentaradkitg
sensitivity of AISI 316L stainless steels. Results indicate that cracks appear on all specimens but at
different strain levels. The higher boron content is, the more specimen exhibits tendency to hot cracking.
Thanks to numerical modelling of #e tests, a cracking criteria is proposed to quantify the risk of
liquation cracking for different boron contents.
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INTRODUCTION

Many welded components of pressurized water reactors are ofi@listenitic stainless
steels. During welding of these materials hot cracking due to solidification cracking and/or
liquation crackingmust be preventedThe influence of harmful elements as sulphur,
phosphorus, boron, silicon, niobium and titaniumwtyfaustenitic stainless steel cracking
sensilvity is well documented1][2][3]. With a very low solubility in austenite at high
temperature and its tendencyform low melting eutectics with iron and nickel, boron has
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a particularly unfavourable influence on hot cracking resistance of austenitic stainless steel
[1][3]and nickelbased superalloyd][5][6][7]. Even at very low contents, boron favours

the phenomenon of heatfected zone (HAZ) liquation cracking which occurs when both
intergranular liquid films and suffici¢strains are present. In nickehsed superalloys, this
intergranular microfissuring phenomenon is associated with constitutional liquation of
precipitates at grain boundariggg[8][9] or grain boundary segregation of melting point
depressant elements as bofdif6][7]. As reported in literatur§l], HAZ liquation
cracking can also occur during welding of 18N austenitic stainless steels due to the
presence of intergranular austenite / (FeButectic phase with a low melting point of
1180°C[10][11]. During welding, the temperature in the HAZ can reach the melting
temperature of this eutectic phase, which leads to the presence of a liquid phase at the grain
boundaries. If the thermal stresses due to welding andesgifint ag sufficiently high,
liquation intergranular cracks may appear in the HAZ close to the fusion zone.

To avoid the problem of HAZ liquation cracking, the specification of nuclear fabrication
French code RC® requires the boron content to be less than aektp 18ppm for all
of the austenitic stainless steels. However, for the steel of the type 321, the literature shows
that there is no cracking if the boron content is less thgyp8H10][11]. To rule on the
acceptability of these boreailoyed products, it is essential to better characterize their hot
cracking behaviour with respect to the boron content. In this work, Gleebtiuttility
testing and Varestraint and P\JR2] welding test were achieved to analyse the effect of
boron content on hot cracking susceptibilitytype 316L austenitic stainless steghese
tests were evaluated to confirm the underlying metallurgical mechanisms. The set of tests
also shows that the threshold of 18 ppm is particularly severe for the studied alloy.

Finally, the simulation of the PVR/pe weldability tests allowed access to the local
thermamechanical conditions that lead to grain decohesion AZ sensitive to hot
cracking. The proposed critarfor estimating the risk of cracking is based on a critical
stress and a holding time whi are two elements dependingtbe welding configuration
and processThe elevation of the threshold on boron content of austenitic stainless steels
can be ensured experimentally by classification of the risk of cracking according to the
boron content fsm weldability tests or by simulation demonstration that the critical
conditions in terms of stress and holding times are not reached in a given welding
configuration.

EXPERIMENTAL WORK

Seven AISI type 316L austenitic stainless steels were used in ttis $teir chemical
composition are shown in Table 1. Three of them, designated by the letters A, B and C,
were industrially manufactured and have a boron content of 2+1 ppm, 1942 ppm and 31+2
ppm respectively. Four of them, designated by the letters Bakg G, were experimental
alloys with identical composition than alloy C except for the boron content which was 2042
ppm, 35+3 ppm, 44+4 ppm and 5014 ppm respectively. Cast ingots of these alloys were
prepared by UGITECH (Ugine, France) using vacuum itidnenelting and hot rolled to
11-mm-thick-plates at 1250°C. Experimental alloys were solution heat treated at 1050°C
for 50 minutes and water quenched according to the common industrial process.
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Measurements of boron content was realized by inductivelpled plasma mass
spectrometry (ICRMS).

Table 1 Chemical compositions of the 316L stainless steels (wt % except for boron content
in ppm)

Steel

B C Mn Si P S Cr Ni Mo Co Cu Al N
(ppm)

O MmO w >

2+1 0.020 1.40 0.510 0.040 0.026 16.90 10.20 2.0 0.340 0.410 <0.004 0.074
19+2 0.014 1.40 0.400 0.030 0.029 16.70 10.10 2.0 0.130 0.480 0.010 0.042
31+2 0.018 158 0.513 0.027 0.001 16.95 10.05 2.06 0.084 0.105 - 0.048
20£2 0.019 156 0.540 0.031 0.0015 16.97 10.07 2.06 0.087 0.106 0.033 0.043
35+3 0.017 154 0550 0.026 0.0014 16.87 10.04 2.06 0.082 0.108 0.033 0.051
44+4 0.016 159 0540 0.027 0.0011 17.25 10.03 2.05 0.080 0.106 0.043 0.052
50+4 0.016 1.61 0540 0.027 0.0017 17.03 10.08 2.06 0.082 0.107 0.035 0.050

A Gleeble 3500 thermmechanical simulator was used to achieve hot ductility tests in
vacuum. Test specimens, of 6 mm in diameter and with a 16 mm free span between water
cooled grips, were heated according to a predetermined thermal cycle and fractured at
temperatures between 1150°C and 1350°C by applying a tensile load with a stroke rate of
50 mm/s. After the test, fracture surfaces are examined using a scanning electron
microscope JEOL JSM 6440/ and ductility is determined in terms of the reduction in
area by comparing final and initial section area of the broken specimdrediing and on
cooling tests were realized. For-baating tests, the heating rate was 100°C/s and the
influence of isothermal holding time before applying the tensile load aitgéstperature
was studied with holding time varying between 0.1 and 3s. Foooling tests, the heating
rate was also 100°C/s and two peak temperatures of 1330°C and 1360°C were considered.
Once the peak temperature was reached the specimen was sabigamoled at 80°C/s
before to be fractured after a holding time of 0.2s at testing temperature. For alloy F, the
influence of the holding time on boron distribution was also characterized by Secondary
lon Mass Spectrometry (SIMS) analysis. Prior to Sidfalysis, two thermal treatments
identical to orheating hot ductility thermal cycles with 0.1s and 2.5s holding time at
1220°C respectively, but with a cooling rate of the order of 300°C/s, where achieved into a
LINSEIS quenching dilatometer (RITA). Asaeived and heat treategaffoy samples were
electrolytically etched in 10% oxalic acid. SIMS analysis was then performed on a
CAMECA IMS5F ion microscope using primary ion beam of O2+ (15kV acceleration
voltage, 1 pA beam current). The negative seconidary emitted from the surface were
BO2-. Varestraint and PVR tests were carried out on the materials D, E, F and G with 20
ppm, 35 ppm, 44 ppm and 50 ppm of boron content respectively. The dimensions of the
Varestraint specimens were 200 x 60 x 7 mm.dilmensions of PVR specimens were 300
x 40 x 3 mm. The welding parameters of Varestraint and PVR tests, achieved with a single
melt runwith TIG welding, were kept constant and are shown in Table 2.
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Table 2 TIG welding parameters of théarestraint and PVR tests

Parameters of Varestraint tests Parameters of PVR tests
Current 200A Current 81A
Voltage 13v Voltage 8.4V
Travel speed 2.33 mm/s Travel speed 2.00 mm/s
Shielding gas Argon Shielding gas Argon
(S;;arirr:nl]eé% block radius) 7% Maximal stroke rate 20 mm/min

A part of the welding surface of-$pecimen containing cracks were electrolytically
etched using 10% oxalic to reveal the microstructure of grains, and then observed at the
binocular.

EXPERIMENTAL RESULTS

GLEEBLE HOT-DUCTILITY TESTING AND HAZ LIQUATION CRACKING SUSCEPTIBILITY

On-heating and ofcooling Gleeble tests can be used to evaluate HAZ liquation cracking
susceptibility [13][14]. The onheating test consists of heating the specimen until a
predetermined temperature, loblding at this temperature during a certain time and of
fracturing the specimen by applying a tensile load with a constant stroke rate. When the
testing temperature is raised, ductility may increase slightly then suddenly drop until it
reaches almost zeiat the nil ductility temperature (NDT). If lomelting point eutectics

are present as graboundary precipitates or if segregation of impurities to grain boundaries
reducing the melting temperature of the boundaries relative to the surrounding matrix ha
occurred, the increase in temperature leads the grain boundary to melt and the sudden drop
in ductility occurs at lower temperature. In this case the ductility drop temperature is
representative of the metallurgical degradation associated with graidasgumelting and

NDT can then be considered as the temperature where a thin continuous liquid film coats
the grain boundary surfaces. As the testing temperature is increased,-strengilh
temperature (NST) is reached where the amount of liquid issinigihigh that the boundaries

are unable to accommodate any stress-c@ating ductility tests are achieved typically

with peak temperature between NDT and NST and the ductility recovery temperature
(DRT) is determined when the alloy regains measurable lithuadue to a sufficient
solidification of the liquid formed during the heating cycle. Various cdtegxist to
interpret hot ductility tests for assessing HAZ liquation cracking susceptibility, the
temperature range NSDRT being the most widely utilized. Lin et §l4] having noticed

that this criterh may not be representative of HAZ liquation cracking that occurs close to
the fusion boundary, had rather suggested a methodology to quantify a tbexckal
susceptible region (CSR) in the HAZ whdiguation may occur. On heating and-on
cooling CSR can be determined using the temperature range between NDT and the liquidus
temperature and the temperature range betwearaing peak temperature and DRT
respectively.
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On-heating hot ductility tests

As explained previously, the ductility dreyith temperature highlighted lmn-heating tests

is a relevant information to evaluate HAZ liquation cracking susceptibilitiign 1 the

results of the otheating tests achieved with the seven materials wittdénigatime of 1.0s

at the testing temperature are compared. A noticeable difference exists between ductility
evolution with temperature for high (F, G) and low and medium blengel (A to E) alloys.

To better highlight this behaviour, the ductility drigmperature was determined as the
temperature where ductility decreases to 75% which corresponds to a reduction of one half
of the diameter of the specimerig. 2 shows the dependence of this temperature as a
function of the boron content. At boron leveiver or equal to 35 ppm, ductility drop
temperature has an almost constant value around 1320°C. This temperature decreases
abruptly if the boron content exceeds this value and then levels out around 1180°C for the
alloys with 44 and 50 ppm boron content.

On heating test - Holding time : 1.0s
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Fig. 1. Resultsof the onrheating tests with a holding time of 1.0s (A=2, B=19, C=31, D=20,
E=35, F=44, G=50 ppm of boron respectively)
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Ductility drop temperature - boron content for
holding time 1.0s
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Fig. 2:Dependencef the ductility drop temperature with respect to boron content

It is known that in austenitic stainless steel, because of the low solubility of boron in Fe
Cr-Ni alloys and the formation of boriemustenitic matrix lowmelting eutectics at grain
boundaies, boron has a detrimental effect on liquation susceptibility and thus lowers the
ductility drop temperature even at low contdifl][15]. Furthermore, due to nen
equilibrium intergranular boron segregation occurring during the heat treatment cooling
stage prior to welding, thin boreemrichel zone formation around grain boundary surface
can also take place as shown in type 316L stainless[$&elAs demonstrated for an
Inconel alloy[7], it is also suggested a direct correlation between the amount of boron
segregated at grain boundaries and the susceptibility to HAZ crackiegagain because
of the lower melting point of boreanriched grain boundaries. In very low boron level type
321 and 316 stainless steels that do not experiment liquation cracking phenomena on
welding, the ductility drop temperature is over 1300°C. Betvd&seand 45pm of boron
this temperature falls suddenly to 1280°C. At higher boron level, when intergranular boride

eutectics were clearly identified, this temperature is around 1200°C [11]. The dependence
of the ductility drop temperature with respect to boron curfe the seven alloys tested

in this study is thus consistent with the literature. When the holding time at the testing
temperature is 1.0s, grain boundary melting must take place for boron level over 44 ppm
with a ductility drop temperature around 1200that is close to the austenriieride
eutectic melting temperature. When intergranular boron enrichment is insufficient to
promote grain boundary melting, i.e. when boron content is here under 35 ppm, the ductility
drop temperature is over 1300°C anisitonsidered that the material has no risk of HAZ

liquation cracking. The transition zone is between 35 and 44 ppm. The temperature range
where liquation may occuri . e

. il i quat i owas definedebetweemnllSBi gur e
and 1280°C.
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The literature[10] shows that increasing the holding time at-hmating testing
temperature may reduce the risk of ductility drop into the liquation zone for38pe
stainless steels containing high boron content. Compared to welding it is similar to an
increase of the magnitude of the heat i8] sincethe higher the weld heat input the
longer time the HAZ material spent at peak temperature. Therefore to confirm this effect,
different welding representative holding times between 0.1 and 3s were considered for tests

achieved on materials F (44 ppm) and58B ppm) that present the highest risk of HAZ
liquation cracking.

On heating test - Material F - Holding On heating test - - Holding
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Fig. 3Results of orheating tests on two materials F (44 ppm B) and G (50 ppm B) with holding
time from 0.1s to 3.0s

It can be seein Fig. 3that the ductility drop temperature inases with increase in
holding time for all of these two materials. This increase is abrupt with a holding time
threshold between 1.5s and 2.0s. The ductility drop temperature for a holding time of 2.0s
is actually much higher than that observed with 1IS6anning electron microscopy (SEM)
observation of the fracture surface of thegecimens with 0.1s holding time confirms
ductile failure in specimen tested at 1180%y( 4 and brittle intergranular failure in
specimen tested at 1220°Eld. 5 that isconsistent with a decrease of ductility with the
testing temperature from 90% to 20% respectively. For comparison the fractograph of G
specimens tested at 1200°C withbrittle failure mode Fig. 6 and 3s (ductile failure
mode Fig. 7) are consistenwith an increase of ductility with holding time from 22% to
96% respectivelyFracture surfaces show features that are consistent with SEM images
obtained on 3(& grade B borortontaining austenitic stainless steel hot ductiitsted
specimend13]. In particular intergranular mode of fracture is also found at a testing
temperature around 1200°C. But one can note no clear evidence of large amount melted
liquated film since the amount of boron in ouiogd is largely lower than the3D wt%
boron content in 304Brade B austenitistainless steel. Nevertheless small quigstiof
eutectic liquid coating the grain boundaries could be present given the rather smooth aspect
of some grain boundaries appearindrig. 5andFig. 6.
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€3+88 SEI

Fig. 4: SEM fractograph of Gleeble dreating Fspecimen tested at 1180°C with holding time
of 0.1s.

Fig. 5: SEM fractograph of Gleeble dreating Fspecimen tested at 1220°C with holding time
of 0.1s.

20kU x2,808 [Gnm

of 0.5s.

Fig. 7: SEM fractograph of Gleebla+heating Gspecimen tested at 1200°C with holding time
of 3s.



Mathematical Modelling of Weld Phenometia

To better understand the influence of the holding time at microstructural scale, thermal
treatments with holding times 0.1s and 2.5s at 1220°C and the same thermal cycles than
corresponding ¢t ductility tests were realised using a quenching dilatometer on material
F. After the holding time, these samples were cooled to room temperature at 300°C/s in an
attempt to freeze the microscopic structure and their boron distribution was characterized
by SIMS analysis. The Figure 8 shows the results of SIMS analysis of the material F in the
as received state and aftero different heat treatments. Positions of boron appear in light
on the pictures.

~am * e —
0 um 50 0 pm 50 0 wum 50

Fig. 8 Resultsof SIMS analysis of the material F:-eeceived (left), heat treatment at 1220°C
with 0.1s of holding timerfiddle), and heat treatment at 1220°C with 2.5s of holding time

(right).

In the asreceived material, large intergranular borides that concentrate boron together
with some boron segregation at grain boundaries are observed. After heat treatment at
1220°C, the boron concentration decreases but segregation still remains atithe gr
boundaries with no clear differences between the samples with 0.1 and 2.5s holding time.
However, one can note that intragranular precipitates that are nearly absent after a holding
time of 0.1s seem more present after a holding time of 2.5s. SinB&MBeanalysis is not
a guantitative analysis the boron concentration at grain boundaries of these two samples
may nevertheless be different. Furthermore, even at a cooling rate of 300°C/s non
equilibrium grain boundary segregation may ocfli]. It is thus difficult to draw a
conclusion on the microstructural origin of the increase of ductility drop temperature with
holding time. However, it can bg/pothesized that there is some boron diffusion from grain
boundaries towards the austenitic matrix even during short holding times and that it
becomes sufficient to prevent grain boundary melting after a few seconds.

On-cooling hot ductilitytests

Influence of boron content and holding time on ductility drop temperature were highlighted
by the heating tests. However, liquation cracks appear the most often in HAZ during cooling
because the stresses are in tension at this stage of the welding cycle. Glesinlkng

tests were thus achieved to complemenheating tests. It consists of heating the sample

to a peak temperature then cooling it to the test temperature and finally rapidly applying a
tensile load without holding time to break the sampig.(9). Chosen peak temperatures

are Tpeak=1330°C and’peak=1360°C. In order to be able to compare with the results of

9
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the onheating tests, duration time over the testing temperature on heating was added with
those on cooling that defined an equivalent mgdime Eig. 9,left). On-heating and on
cooling tests achieved at the same testing temperature and for the same holding /equivalent
time were compareith Fig. 9 (right). A coherence between the-beating and owtooling

results thus appears. Duritigis equivalent time, in agreement with the literature, it is
actually considered that boride eutectics stay liquid if temperature is over 1200°C. Thus,
neglecting the variation of boron diffusion coefficient with the temperature, the same boron
diffusionfrom grain boundaries towards the austenitic matrix must occur during the holding
time for ortheating test or during the higemperature excursion for @wooling tests.
Indeed, for the low temperature test achieved under 1260°C, the duration timedadong
there is no risk of cracking. For the high temperature test, the duration time becomes shorter,
ductility falls down and the risk of cracking increases.
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Fig. 9: Definition of an equivalent holding time for the on cooling test (leffjnparison the
results of the on heating test and the on cooling test (right).

WELDABILITY TESTS
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