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Abstract

Superplastic forming (SPF) dies are generally neddesing heat resistant cast steels, which
are very sensitive to weld cracking. In order t@iove the weld-repair process of such dies
to prevent weld-cracking, the microstructure ararttechanical behaviour of a typical heat-
resistant cast steel was first studied, using esotlal low-cycle fatigue tests and in-situ tensile
tests. The welding behaviour of such steel wasialgestigated, using a shielded metal arc
welding (SMAW) process and welding conditions santio those employed for weld repair
industrial dies. The comparison of the aspect dfiveeacking with the fracture mechanisms
observed at room temperature or during isotherovaldycle fatigue tests suggests a similar
brittle failure mechanism, due to the presenceuafd interdendritic carbides in the cast steel.
The melting of the cast steel surface using awagsten arc welding (GTAW) process

allowed to refine the primary carbides, and therettuce the weld-cracking sensitivity. The



refining method with GTAW before welding has beancessfully tested to weld-repair a

sample representative of SPF dies, and is recommadiod subsequent repairs of such dies.

Key-words: Superplastic forming; Heat resistant sésel; Weld-cracking; Weld-repair.

1. Introduction

Superplastic forming (SPF) consists in blowing rtietaheets to shape, using argon pressure,
within a die generally made of heat resistant stestl [1]. Process is conducted at high
temperature, circa 900°C for TAGV alloy. The shediile inflated by argon, gradually takes
the shape dictated by the inner surface of theTdie.elementary cycle of forming, including
heating, isothermal exposure and cooling, is reggeas many times as necessary to complete
the whole bench of parts to manufacture. Those tatiaa cycles provoke the occurrence of
very severe thermomechanical stresses within therbsistant cast steel dies [2]. This may
result to the initiation and propagation of fatigtracks and ultimately to the early
catastrophic rupture of the die.

The increasing demand for manufacturing costs temtucequires developing appropriate and
reliable solutions for repairing, proper to extehd service life of the dies. Weld repairs are
generally performed using shielded metal arc weldBMAW) technique, after a preliminary
machining to remove the damaged zone. Howevergpsas used up to now do not show
sufficient guarantees for the users. Indeed, tHdimgeof heat-resistant cast steels often
induces cracking, especially for massive componsuntd as SPF dies [3-6]. This cracking,
generally located in the heat resistant cast stesé to the welded zone, is due to thermal
stresses induced by welding, and to subsequeritgoiain which can overstep the

elongation to rupture of the material.



Actually, there is no defined repair method fortsdees, but some general rules are admitted.
A solution annealing treatment is recommended kefgiding to dissolve secondary
carbides and improve ductility [7]. However, thisdtment is very costly for massive
components because the annealing temperaturevs 4800 °C. A preheating of the dies
before welding is also required, to reduce themgnatlient during welding [8]. The maximal
preheating temperature is circa 400°C for operatittigout special equipment. The repairs
are more difficult for deep damaged zones, ancksrace very often formed after such
repairs. Then, a homogeneous welding with a hegteat filler metal having a chemical
composition rather close to the base metal is gdlgeronsidered not possible for repairing
deep cracking, and a welding with a “soft” metaleasommended. The mechanical strength of
such repairs is however low compared to base métal buttering technique, consisting to
deposit only a fine layer of a soft material on skieface of the filling zone on base material,
before to weld-repair with a more resistant matgisaalso effective to reduce cracking [7,8].
However, recent works have shown that weld reandes obtained with buttering

technique have very low fatigue life time, so tl@pair process is not convenient for SPF dies
[9].

In order to better understand the cracking mechapoisheat resistant cast steels, and to
develop a method allowing weld-repair of SPF dreg bf cracks, investigations were carried
out. This paper focuses on the analyses of theostitrcture and the mechanical behaviour of
a heat resistant cast steel specially develope8Rér dies, and on the weld-cracking

mechanism, in order to improve the repairing precegrevent cracking.

2. Experimental details

2.1. The base material



The base material is a typical heat resistantanastenitic stainless steel used for
manufacturing SPF tools, designated GX30NiCr392¢mtng to European standard.

The chemical composition of the cast steel (AuBetuval) is given on table 1. The high Ni
content conferees to the material a stabilizedeaitst structure. The high C content, coupled
to the presence of Cr, Nb, V and Mo, induces tleeipitation of hard carbides enhancing the
creep resistance at high temperature [10,11].

The samples were obtained by sand casting, arabdisation treatment is performed during
24 hours at 950°C.

The mechanical properties of the base materiafjiasn in table 2. The room temperature
yield strength is rather low, but it only decreaskgghtly with temperature, remaining rather
high at 500°C. Note that the elongation to ruptarextremely low in the whole temperature
range, from room temperature to 500°C. This lowtitityccould explain the in-service
cracking of the tools during thermo-mechanical egcbr the weld-cracking. Indeed, it is
generally assumed that a minimum elongation toungpat room temperature of 4% is

required to prevent weld cracking [6].

2.2. Characterization method

In order to study the thermo-mechanical behaviduh® heat resistant cast steel, which has
an important impact on its behaviour during welditng following program has been defined.
First, the microstructure of the cast steel has laealysed using scanning electron
microscopy (Philips XL30 SEM) observations, Enefygpersive Spectrometry (EDS)
analysis, and Vickers micro-hardness measurem&a@g]. The goal of these analyses is to
identify some particular microstructure characterssof the material responsible of its

specific mechanical behaviour.



Secondly, isothermal low-cycle fatigue tests aetized, at various temperatures from 500°C
to 920°C. A strain-controlled fatigue test was stdd in order to simulate the mechanical
strain resulting from the thermal gradient due tdtispass welding, each welding pass (up to
50 and more during weld-repair of SPF dies) gemagat rapid thermal cycle. The strain
amplitudes were selected to be representativepitdi/strain cycles suffered by the material
during multipass welding, evaluated using numegsaalulation [12,13]. Five strain
amplitudes, 0.4, 0.5, 0.6, 0.7 and 0.8%, resuiting slight plastic strain at each cycle, were
chosen. The fatigue tests are carried out accotditNgF A03 403 French standard [14].
Details concerning fatigue tests are given in [9].

In order to better understand the mechanical beawaf the heat resistant cast steel at the
microscopic scale, in-situ tensile tests are aésoed out at room temperature using a TS-
300P tensile micromachine type, implemented ini&BhXL30 scanning electron
microscope. These tests especially allow to obsandeanalyze the cracking mechanism,
which is very particular for such heterogeneouseniat Tensile samples with 2x2 rircross
section and 30 mm length have been machined istasteel specimen. Before testing, the
samples were polished in order to observe theirositucture during the tensile test. The
tensile test is realized at constant displaceneerd, and piloted by controlling the loading:
the sample is loaded in a continuous way up toNQRO0MPa), and then in a intermittent
way, by increments of 40 or 50 N, with a stop be&mvevo increments to observe the

microstructure evolution.

2.3. Welding process
Weld-repair tests were carried out using sampleparation, welding technique and
parameters representative of industrial conditidihe size and geometry of the cast steel

specimens to be weld-repaired were chosen to besemtative of real industrial SPF dies in



terms of self-clamping effect and volume heat diitmn. On each sample, a V-groove (60°)
was machined before welding test to simulate aglpreparation prior to weld-repair a
cracked component (Figure 1a). Three samples geesetere prepared, with V-grooves
depth of 7, 12 and 20 mm respectively. For eaclpsageometry, two different filler metals
(Table 3) were used. The first one, designated BR2@Bo6lher Thyssen), has a chemical
composition corresponding to a 625 nickel alloyd @anone of the most standard filler
materials used for welding nickel-base alloys athresistant austenitic steels. The second
one, designated 2133Mn (Bolher Thyssen), has gaosition rather close to the base metal,
and enable a quasi-homogeneous welding.

An automatic shielded metal arc welding processA®W, specially developed for the study,
has been used. During welding, the shielded eléeti®horizontally translated at a constant
welding speed to fill in the V-groove, using a walgicantilever-beam. To ensure a constant
arc voltage, the electrode is also vertically tlatesl while melted, using an electrically
controlled powered pay-off system.

The welding parameters, i.e. current, voltage aaltliwg rate were the same for the 3
samples welded with the same filler metal, andgaren in table 4. This corresponds to
typical welding parameters used for weld-repaiustdal dies. Prior to welding, the base
metal samples have been systematically pre-heaiémmly at 400°C using heat resistances,
in order to reduce the thermal gradients and stsedgring welding.

Only the depth of the welding zone, correspondang humber of weld passes required to fill
in the V-groove, changes for the 3 types of samflke first one, with a 7 mm deep V-
groove, is welded with 10 passes, the second ¢hen(th deep V-groove) with 17 passes, and
the last one (20 mm deep V-groove) with 40 passes.

After welding, all the welded samples were cutjgiwd and analysed with optical

microscope and SEM to detect possible cracks. Tiessdts, coupled to the analysis of the



cracking behaviour of the cast steel during isatteiow-cycle fatigue tests, and at room
temperature at the microscopic scale, allow toudis¢he weld-cracking mechanisms and to

improve the repair process.

3. Base material characterization
Before to weld-repairing, the base material has lse#ensively characterized in order to

better know its properties and especially its behavwoncerning cracking.

3.1. Microstructure

The alloy microstructure, revealed by scanningted@cmicroscopy observations (Figure 2),
consists in a typical dendritic structure, with ig@aprimary arms (about 2@Q@n width),
separated by carbide rich interdendritic zones.

Figures 3 b, ¢ and d, show the result of an ED$yaisgoerformed on the primary carbides
(interdendritic carbides) seen on the associatdd Bkcrograph (Figure 3a). They reveal the
presence of two types of carbides, namely chronriobmcarbides (dark contrast in the
micrograph), and Nb rich carbides (bright contrabhese results are in accordance with
literature data concerning this kind of steel, tpaterally consider formed carbides are NbC
and CrC; or CriCs [15-21]. Borjali and al. also observed;Cs type carbides [22,23],
probably due to a high cooling rate during castmg,these carbides change during high
temperature aging to MCs type carbides.

Nb carbides are less numerous and thinner thaa®@rdes. The centre of the dendrites also
reveals the presence of a fine dispersion of sengrzhrbides, precipitated during the aging
treatment carried out after casting. This stabilimatreatment promotes the carbide

precipitation issued from supersaturated elemeatdlon remained in excess in the solid



solution. These secondary carbides are too smhk tnalysed by EDS, but literature
generally considers there are chromium carbiddd [15].

The micro-hardness of the steel, given in figurshws a large discrepancy, due to the
heterogeneous microstructure. The austenitic malraws a rather low hardness (200 Hv),

whereas the large primary carbides have a very ldgtiness, up to 800 Hv.

3.2. Fractur e behaviour

3.2.1. Fatigue testsresults

For all fatigue tests achieved, the number of ctel@ilure was rather low, ranged from 13 to
750 for strain amplitude varying from 0.8 to 0.4atever the temperature from 500 to
920°C. As the strain amplitude imposed during #tatie test increases, the mean stress
amplitude also increases, and the number of cgdailure decreases (Figure 5). These
results show that if the thermal strain inducedriftipass welding during repair is high, then
fracture can occur for a very low number of weldpagses.

Whatever the temperature, the fracture always slaolwgtle aspect, with cleavage plans
(Figure 6). The scanning electron microscopy olserms of the samples surface around the
fracture show secondary micro-cracks, across thiedes of the interdendritic zones (Figure
7). These results are a little beat different ftbiat obtained by Kim et al., who observed also
a brittle fracture, but with transgranular propawabf cracks [24,25]. However, cracks
initiation was always located in the Cr-carbidesggitates, and the transgranular
propagation may be due to the less continuous notwgit of the Cr-carbides formed in their

material, compared to the cast steel of the presady.

3.2.2. In Situ tensile testsresults



During in situ tensile tests, the first cracks apgarutally and simultaneously in several zones
from an axial loading of 1090 N (270 MPa) in themary carbides (Figure 8a). The tensile
sample presents then a multi-cracked aspect, bokg€remain stable, and the tensile stress
continues to increase without braking the samplemRhis stress level, after each increment,
some cracks propagate in a stable way, whereasra@ks form on the other primary
carbides, until the final break of the sample, esponding to the unstable propagation of a
crack, which intervenes for a stress level of appnately 325 MPa (Figure 8f). On figure 8,
we can see that cracks form or propagate in atereperpendicular to the loading direction
(horizontal direction).

If we compare the stress corresponding to the sraiation (270 MPa) to the yield stress of
the material (220 MPa), we notice that the cragisear after a plastic strain. Carbides being
brittle, it is thus the austenitic matrix that defed plastically.

We can observe that only chromium carbides (thkedaion the SEM micrographs) are
cracked, while niobium carbides, which appearghtlicolour on the SEM micrographs, are
never cracked (Figure 9).

The ductility and the higher toughness of the austematrix is demonstrated by the
discontinuous aspect of the cracks. Indeed, thekrg occurs through primary chromium
carbides, and stops at the interface carbidesxn@&igure 10). The crack can then start again
further, in another carbide situated in the cordtian of the crack, and propagates in this one
until the next carbide-matrix interface is reachBae austenitic matrix acts then by an effect
of "pinching out" of cracks, which present an intétent aspect in the plane. Figure 11 shows
well this phenomenon. On figure 11.a, the craclppagated through a primary carbide,
following a direction rather perpendicular to tbading direction, and stopped in the

interface with the matrix. Increasing load, thec&ratarts again in a carbide situated under the

crack tip, and propagates through this one perpetatly to the loading direction, to stop



again in the interface with the matrix (Figure Hiig c). Finally, the stress increasing again, a
bifurcation of the crack appears in the first cextkarbide, and the crack propagates in a
secondary thinner branch of this carbide (Figurg)11

In some cases, before propagating through the o#lrbrdes, the cracks stopped at the
carbide-matrix interface are enlarged, and crgchte blunted, because of the good ductility
of the matrix with regard to the carbides (Figu2a)l This blunting is the result of a very
local plastic deformation of the matrix at the &r&p. The slip planes corresponding to this
plastic strain are observed on figure 12b.

The similar aspect of cracks formed during in-s#sile test and isothermal low-cycle
fatigue tests suggests a similar brittle failurechaism at high (up to 920°C) and room
temperature. When the local stress reaches theageatress of primary carbides, these are
breaking. Once cracked carbides, the crack tipgswdtop in the matrix, undergo a blunting
by plastic strain of the austenite. The dislocatiensity in the nearby zone of the crack tips
then increases, creating piles at the interfack mgtarby carbides, which produce stress

concentrations and then the cracking by cleavadieese carbides, until the final break.

4. Weld-repair testsresults

4.1. Analysis of weld-repaired samples

Six weld-repair tests were achieved according éoctinditions defined in section 2.3. Cross
sections of the welded zone were then cut (Figbjeathd polished in order to make
macrographic and micrographic observations.

The samples weld-repaired with 10 passes are aoked. In contrast, the samples weld-
repaired with 17 and 40 passes show numerous cirathks base metal, close to the welding

zone (Figure 13). This area corresponds to the wdrege the stresses induced by thermal

10



gradients are higher, as evidenced in previousetyd2,13]. The cracks number and size
increase when the pass number increases from4(. fbhese results are in accordance with
numerical results indicating that maximal stresthanbase material increases with the depth
of the weld-repair, i.e. with the number of weldpasses required to fill in the groove [13].
SEM micrographs reveal that cracks exclusively pgates in the carbide rich interdendritic
zones (Figure. 14a). At higher magnification, s@maller cracks are observed, with a
discontinuous aspect, and seem stopped by thenéticsteatrix (Figure 14b). These last
investigations allow to observe that only primanyamium carbides are cracked, whereas the
Nb carbides (in light on figure 14b) are never keal; as previously observed during in-situ
tensile tests. This could be due to a better tépatithese phases, or to their morphology

thinner and more discontinuous than Cr carbides.

4.2. Discussion and improvement of weld-repair method

The classical weld-repair method presented inabedection, with a pre-heating at 400°C,
allows to repair small cracks, below circa 7 mmtb€p0 passes). Above this depth, the
weld-repair creates new cracks due to the highvet l&f stress and strain induced by welding,
and to the low ductility of the base metal, resigitirom its typical heterogeneous
microstructure containing large primary carbidethiow toughness.

The cracks observed after welding always form endhst steel close to the welding zone,
which is the region subjected to the highest séessiring the welding. The location of the
cracks, in the brittle primary carbides, and timailsirity of crack aspect with those formed
at room temperature during in-situ tensile tesatdrigh temperature during fatigue tests,
seem to suggest that a similar mechanism is regpers the fracture in the different cases.
We can thus suppose that the material crackingngwrelding is the result of a brittle

fracture, due to the cleavage of the primary cahidinder the effect of thermal stresses

11



induced by welding and of stress concentrationstdulee strain incompatibilities between
the plastic matrix and the carbides.

The improvement of the weld-repair method to préweacking requires to act on the stress
or strain level suffered by the base material duvirelding, or on its cracking sensitivity.

The first way was explored in a previous papemgisi buttering technique to accommodate,
thanks to the deposit of a soft material layerfendurface of the V-groove, the thermal
strains induced by the successive welding pas$e$h& method allowed, under special
conditions, to prevent cracking during weld-redi20 mm deep V-grooves. However, the
fatigue life time of such repairs was very low [8¢, other weld-repair techniques have to be
investigated for weld-repair SPF dies.

The second way was explored by Hebert [7], who @sefo submit the cast steel to a
preliminary solution annealing treatment. This tneent allows the complete or partial
dissolution of the secondary carbides, and themargs the room temperature ductility of the
base material. However, it has been shown thattkbithiod was only efficient for aging
materials, specially when they suffered a coargeafrcarbides [23], but not on as cast
materials, because the primary carbides, formehgltine solidification of the alloy, are then
the main responsible of the very weak ductilitylod cast steel. This is also the case for the
studied material, as observed on fatigue and intsitsile tests. The annealing treatment also
can have a detrimental effect, by promoting theldargy of coarse carbides, due to thermal
stresses induced during the cooling after heatrtresat [23].

The elementary mechanisms responsible for thestestk cracking are strongly conditioned to
the very particular microstructure of the materainstituted by a ductile austenitic matrix,
surrounded by a narrow interdendritic zone, comgade mixture of austenite and eutectic
carbides. These last ones are from two differgmedychromium carbides, the most numerous

and cracking sensitive, and niobium carbides, afparently a better toughness. These

12



interdenditric zones, that form a continuous neknaround the austenite, constitute the zones
of weak toughness, sensitive to cracking. The imgmeent of the cracking resistance then
requires the modification of the microstructurghase zones, to increase their toughness.
The cleavage stress of a given compound depeniis physical characteristics, but also of
its size. Indeed, the more the grain size of atalys the size of an inclusion is weak, the
more the cleavage stress is raised. This couldagxplhy only chromium carbides undergo
cracking, while niobium carbides, thinner, are sensitive to the phenomenon, because
their cleavage stress is more raised. The largeddithe primary carbides is then partially
responsible of the poor toughness of the steet iBhor this reason that some authors
recently try to promote the formation of thinnedanore discontinuous primary carbides
during casting of heat-resistant austenitic stambteels by the addition of a few percent of
some elements like titanium [22,26].

The largest primary carbides, formed during the&dadation process of the cast steel, can't
be dissolved in the solid solution, even at highgerature. The only way to change their
size or morphology is to re-melt the cast steeictvisan be costly for an industrial use.
Fortunatly, only the part of the material sufferihg highest stresses and strains, located in
the immediate vicinity of the welding zone, hasl@ange microstructure to avoid cracking.
It can be achieved by the melting of the surfacthefheat resistant cast steel using a gas
tungsten arc welding (GTAW) process, without filleaterial. This solution was
experimented, to verify the effect of such meltingefine the microstructure, especially the
size of the primary carbides. Figure 15 showstt@imean width of primary carbides
changes from about 31m in the row material to aboutn after GTAW re-melting.

This refining treatment has been applied on th&asarof the V-groove of a sample, before
to weld-repair with SMAW process, in order to refithe microstructure in the zone

subjected to the higher thermal stresses during-vegair. This method has been
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successfully tested for weld-repair in a 20 mm déepoove (Figure 16), and is

recommended for subsequent deep weld-repairs.

5. Conclusion

A microstructural and mechanical characterisatiba loeat resistant cast steel has been
achieved in order to try to improve the weld-regmwcess of superplastic forming (SPF) dies.
This type of material has a typical microstructooasisting of an austenitic matrix
surrounded by a narrow interdendritic zone richrittle primary carbides, which conferee to
the material a very low ductility up to 500°C.

In situ tensile tests allowed to observe the failrechanism at room temperature of the cast
steel, which consist in a multi-cracking of thenpary carbide “network” from a given

loading, and a propagation of cracks across theogearbides, up to the final fracture. The
failure during isothermal low-cycle fatigue testems to happen according to similar
mechanism, up to 920°C.

Finally, welding tests were carried out using sangonditions than weld-repair conditions

for industrial SPF dies. The analysis of the weldaohples revealed a cracking of the base
metal around the fusion zone, and the crack aspegiests a similar brittle failure
mechanism that observed at room temperature uedsité¢ loading, or during low-cycle
isothermal fatigue.

The weld-cracking is supposed to be caused byh#renal stresses created around the weld
during the repair process, due to the presencargé Ibrittle carbides in the microstructure,
which can not accommodate the stresses. It isthpposed that a refining of the carbides,
for instance by re-melting with an electric arc sueface to be weld-repair, could improve the

quality of the welding. The re-melting with a gasgsten arc welding (GTAW) process of

14



the surface produced a great refining of the micucture of the base material, and allowed

to weld-repair successfully the dies, without cragk
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Figures captions

Figure 1. Geometry (a) of the samples for weld-iefests, and (b) preparation of cross

sections for microstructural analysis

Figure 2 : Microstructure of the heat-resistant eastenitic steel (SEM)

Figure 3 : Microstructure (a) and EDS analyses afrix (b), dark contrast precipitates (c)

and bright contrast precipitates (d)

Figure 4: Micro hardness profile of the heat r@sistast austenitic stainless steel

Figure 5: Number of cycles to failure versus maress amplitude during isothermal fatigue

tests

Figure 6: Fracture pattern of a sample fracturethduow cycle fatigue test at 750°C

Figure 7: Secondary cracks in a fatigue sampldurad at 500°C

Figure 8: Multi-cracked aspect of in-situ tensidengple and crack propagation up to the fracture,

for a tensile stress of 272 MPa (a), 282 MPa (@), 8lPa (c), 310 MPa (d), 320 MPa (e) and 325

MPa (f)

Figure 9: Micrograph of in-situ tensile sample simay\cracked Cr carbides (in grey) and

uncracked Nb carbides (in white)
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Figure 10: Discontinuous aspect of the crack prapag through the primary chromium

carbides

Figure 11: Crack propagation through primary cagbjcand “pinching” of the crack by the

austenitic matrix, after a tensile stress of 255N@®), 272 MPa (b), 300 MPa (c), 325 MPa

(d)

Figure 12: Blunting by plastic strain (a) and glipnes (b) around a crack tip

Figure 13 : Cross section of weld-repaired samipteving the fusion zone and the cracks in

the base material

Figure 14: (a) Crack propagation across the inteddgc zone after welding in the base

material close to the fusion zone, and (b) crackihthe Cr primary carbides (in grey)

Figure 15 : Comparison of the size of primary cé@eBiin the heat resistant cast steel (a) in the

initial state, and (b) after a GTAW melting

Figure 16: Weld-repair of heat-resistant cast saétel a preliminary GTAW re-melting of the

V-groove surface, (a) general view, and (b) dethihe welded zone-base metal interface.
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Table 1: Chemical composition of the heat resistast austenitic stainless steel

GX30NiCr3924
Fe | C Cr Ni Mn Si P S Mo w Nb V
wt% | bal | 0.313 24.40|139.2 | 1.11 | 1.45| <0.001L 0.001%k0.020| <0.002 0.3280.038

Table 2 : Mechanical properties of the heat resistast austenitic stainless steel

GX30NiCr3924
Yield Ultimate Tensile
Elongation
Strength Strength
(%)
(MPa) (MPa)
20°C 220 335 2
500°C 175 300 5
925°C 77 140 35
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Table 3: Chemical composition of the filler metatsywt%

C Si Mn P S Ni Cr Mo Nb Fe
6222Mo 0.03 0.3 0.8 0.01 0.005 63 22 9 3.5 <1
2133Mn 0.15 0.4 2.8 33 21 1.2 Bal.

Table 4: Welding parameters

Filler Welding Welding Voltage

material | speed current V)
(mm/s) (A)

2133Mn 2.7 63 24

6222Mo 2.7 63 25
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