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MICROSTRUCTURAL REF INEMENT THROUGH MULTIPASS GTAW PROCESS

Hee=Jin Kim and J.W. Morris, Jr.

ABSTRACT

The present work was undertaken to Illustrate and clarify the
microstructural features of martensitic Fe-NI weld deposits made by a
multipass welding process. To simuiate this, rapid thermal treatments
were applled to an Fe=12Ni-0.25T! alloy using (1) an Induction furnace
and (2) bead-on-plate welding. The rapid thermal treatment refines the
microstructure significantly by destroying the previous packet struc-
ture. Hence, the term "packet refinement" s used to distingulsh its
microstructural features from the graln refinement associated with re-
crystallization of austenite. Durlng multipass GTAW process with an 11%
Ni ferritic filler wlre, a coarse columnar graln structure Is formed
after solldiflication but this structure Is refined repetitively by the
rapid thermal cycles of subsequent passes. The result is a fully packet
reflned and extremely fine structure, In the order of several microns,
throughout the weldment,

THE THERMAL HISTORY of a weld thermal cycle Is highly dynamic.
Hence, the solld-solid phase transformations experlienced in a welded
region are different from those during conventional furnace or thermo-
mechanical heat treatment. The weld cycle accomplishes either a very
rapld austenitizing cycle or a very short time tempering treatment de-
pending on its peak temperatures. Previously, the present authors [1,2]
applied rapld thermal cycles to 9 and 128 Ni steels to simulate the
microstructural changes occurring in the HAZ. These studies demon=-
strated that the simuiated HAZ microstructures are quite different from
those obtalined by corresponding furnace heat treatments. For Instance,
a rapld austenitizing cycle refines the mlicrostructure by destroyling the
previous packet structure (packet refinement) while an austenitizing
treatment performed In the furnace for a longer time refines the size of
the prior austenlite grains (grain refinement) through the recrystalliza-
tion process. |t was also demonstrated that the multi-cycle treatment
was more effective In refining the effective grain size and, thus,
suppressed the ductile-brittie transition temperature (DBTT). The
present research was performed to extend these microstructural studies
to actual multipass weld deposits. The flirst part of the paper will
described the effect of simulated weld thermal cycles In an induction
furnace., The microstructural features obtained after this treatment.
have been published elsewhere [2] but some of them are quoted here to
help In the understanding of the characterlisitcs of "packet refinement".
Later, the mlcrostructural changes due to actual weld thermal cycles
appiled in the HAZ of bead-on-plate weldment and In the multipass weld
deposit are presented. in the multipass weldment, each bead Is expected
to experlence weld thermal cycles due to subsequent passes and Is thus
packet-refined repetitively to yield a very fine structure.



MATERIALS AND EXPERIMENTAL PROCEDURE

RAPID THERMAL CYCLES - The alloy used for cyclic treatment has the
nominal composition of Fe=12Ni=-0.25T}I with less than 0.01C. A plate of
‘this alloy was annealed at 1200C for three hours furnace cocoled to 900C
and quenched In water. Its condition is designated as 'AN'. The 'AN'
plate was machined and sliced to slightly oversized Charpy specimens,
Single and double austenitizing cycles were applled to these specimens
In an Induction furnace. During this treatment, the specimen was heated
to 790C within 15 seconds and then immediately dropped into an oil bath.
A single such cycle consflfufes the 'C' treatment: a double cycle is
designated 'CC'.

BEAD-ON-PLATE WELDMENT - In order to Investigate the effect of peak
temperature on microstructure, a GTAW bead-on-plate weld was made on the
annealed Fe-12Ni-0.25T1 alloy (AN). I+s HAZ microstructure was analyzed
by both optical and fractographic means. To perform the fractographic
analysis, the welded plates were sliced Into standard Charpy specimens
and then temper embrittled at 450C for 500 hours. After inserting a 0.2
mm saw cut within the weld metal as shownh in Fig. 1, the embrittied
specimens were hydrogen charged In a solutfon of 1 N sulfurlc acid at a
current density of 10 mA/mmA, The hydrogen-charged specimens were bolt
loaded immediately after charging to initiate and to propagate a crack
through the HAZ. After the crack ceased propagating Into the base
metal, the half broken specimens were fractured into two pleces. This
method [s quite effective In promoting intergranular fracture In the
annealed or the recrystallized specimens [2]. The fractographic in~
formation obtained was correlated with the corresponding microstructure
revealed on the etched specimen.

MULTIPASS GTAW WELDMENT - A fully weld deposit material was fabri-
cated by bullding up weld beads on the 24.5 mm thlick 9% Ni steel plate.
Using a fully automated GTAW process, weld beads were deposited side by
slde and layer by layer until the size of the weld deposit reached about
11 x 38 x 3.6 cm. The chemical compositon of the filler wire and weld
deposit are shown in Table 1. The weld deposit contains 11% Ni and a
very low content of interstitial elements.

Weld deposit samples for optical microscopy were polished and etched
with a 5% Nital or an acidifled ferric chloride solution. Samples for
transmission electron microscopy were spark-cut from chemically-thinned
slices of weld deposit. They were electropolished In a twin jet polish-
Ing apparatus using a chromic-acetic acld solution. The specimens were
examined In a Philips 301 electron microscopy at 100 kV.

RESULTS

‘ MICROSTRUCTURE OF THE THERMALLY CYCLED SPECIMENS - The microstruc-
ture of the 12NI alloy in the anneaied and quenched (AN) state is T
illustrated by the optical micrograph in Fig. 2a. This micrograph shows -
coarse grains of the prior austenite phase, each of which Is subdivided
into several packets of lath martensite. The boundaries of the packets
are Irregular, as evlidenced by ‘thelr jagged appearance In the plane of
the micrograph and by the appearance of Islands of one packet In the
Interlor of its neighbor. Detfalled TEM studies performed on this micro-



structure [2] showed that a single martensite varlant Is present within
a packet. The packet size Is the effective grain size governing frans-
granular cleavage since each packet shares a (100) cleavage plane. The
microstructure of the alloy In single and double, cycled conditions ('C'
and 'CC', respectively) are shown in Figs. 2b and 2c. In the 'C!
condition the prior austenite grain boundaries are roughened and partly
- obscured by the martensite transformation products formed across the
boundaries, In 'CC' conditlon prior austenite graln boundarles can
hardly be found and the original packet structure was completely and
homogeneously destroyed Into very fine scale. There [s no evidence of
recrystalllzation, l.e., nucleation of new austenite gralns and growth
In the 'C' and 'CC' mlicrostructures. Following the fractographic and
TEM evidence, the present authors [2] have used the term 'packet refine-
ment' to distlinguish this kind of mlcrostructural change from the 'grailn
refinement' assoclated with the conventional austenitizing treatment.

HAZ M{CROSTRUCTURE OF THE BEAD-ON-PLATE WELDMENT - The bead-on-
plate welding process generates high rates of heating and cooling In the
parent metal adjacent to the weld and produces a band of HAZ surrounding
the fused weld metal. The HAZ extends from the fusion line, which
experiences the llquidus temperature, to an outer location heated to a
lower critical temperature. By Investigating the HAZ microstructure
from fuslon llne to outer Iimlt, the microstructural changes due to
successlively lower peak temperatures can be assessed. The macroscoplic
view of a bead-cn-plate weld made on an annealed 12Ni plate Is shown in
FIg. 3. As can be seen In this figure, the HAZ structure, which extends
about 5mm from the fusion line, has a much flner graln structure than
the base metal. This feature becomes more clear In the magnified plc-
ture (Fig. 4) taken across the HAZ. To visualize the smal!l grains
formed along the fuslon boundary, fractographic analysis was performed
using the method described earller. The result Is represented In the.
SEM fractographs shown In Fig. 5. As shown In Fig. 5a, the columnar
grains in the weld metal and the equiaxed grains in the HAZ Immediately
ad jacent to the fusion line fracture in an Intergranular mode. However,
the fracture mode suddenly changes to ductile dimple in the outer side
of HAZ and then to Intergranular again In the base metal. Figure 4b
cleariy Illustrates the equiaxed HAZ gralns next to the fusion boundary,
as well as the columnar grains grown on the half-melted HAZ grains.
These grains are much smal ler than the base metal grains as observed In
the optical means. It follows that graln refinement took place In the
area surrounding the weld metal to a width of about 100 “m during the
weld thermal cycle. It Is also clear from Fig. 4 that the grains become
smaller with Increasing distance from the fusion line, Il.e., with lower-
Ing of peak temperature.

In contrast to the grain refinment near the fuslion boundary, the
microstructural refinement In the outer region of HAZ seems to be accom-
plished by the destructlon of the original packet structure, l.e., by
'packet refinement' [2]. The packet refinement Is Illustrated in the
bottom of Flg. 4. |In the boundary area between the HAZ and the base
metal, a portlon of the base metal grain Is destroyed but the other half
of the graln preserves its origlinal shape. In the packet-refined re-
glon, the microstructure Is quite similar to that In the 'C' specimen
(Fig. 2b). Optical examination of the cross-sectlon of the broken
specimen shows that the ductile dimple reglion of the fracture surface



shown 'in Fig. 5a matches well with the packet-refined part of the HAZ.
Figure 6 shows partially overlapped bead-on-plate weldments, Detailed
examination of the weld metal structure shows the elongated columnar
gralns of the previous equliaxed grains next to the fusion line and the
'‘packet-refined' structure In the outer HAZ. The columnar grains formed
in earlier passes did not coarsen but were mostly refined into fine
gralns or packets during the weld thermal!l cycle of subsequent passes.

MICROSTRUCTURE OF MULTIPASS WELD DEPOSIT - As described In section
It, an all-weld deposit plate was fabricated and Its microstructure
studied wlith optical and fransmlission electron microscopy. The charac-
terization specimens were sliced perpendicular to the welding direction.
Figures 7a and 7b show optical microstructures after etching with 5%
Nital and acidified FeClz solutlons, respectively. Figure 7a shows the
cellular solidification structure that is ftyplical In the Fe-(9-12)Ni
system [3,4]. Even though the solidiflcation structure Is preserved,
the transformed structure of the weld depcsit Is severely packet re-
fined, as shown In Figure 7b. The microstructure Is quite similar to
that of double=cycled specimen ('CC') shown In Flg. 2c. The results of
transmission electron mlcroscope (TEM) are presented In Fig. 8. The
area shown In the bright fleld micrograph contains at least three dif-
ferent orientations that yleld distinct martensite diffraction patterns
as shown In the figure. The distinct varliants can be separated with
dark field technliques as shown In Figures 8c, d and e. The boundaries
between areas having different orientations are jagged and have sharp
edges Indlcating that they are more |lke packet boundarles than grain
boundaries. No graln boundary-like feature, l.e., smooth boundaries,
was observed throughout the TEM examination. The TEM study demonstrates
that different martensite varlants are Intermixed on a very fine scale
resulting in an extremely fine effective grain size, in the order of
several mlcrons,

DISCUSSION

It Is clear from the above that the HAZ in Fe-9-12NI steels con-
‘talns two regions with distinctly different microstructures: (a) a
grain-refined reglion and (b) a 'packet-refined' region. The grain-
refined region borders the weld metal while the packet-refined region
constitutes most of HAZ., The results Indicate that the type of refine-
ment depends on the peak temperature of the weld thermal cycle. Immed[-
ately adjacent to the fusion boundary, the parent metal Is ralsed to a
temperature wel! above the austenlte transformation temperature. Sub-
stantlally complete transformation to austenite takes place, and the
temperature s high enough for nucleatlion and growth of new austenite
gralns to occur. Maki [5] and others [6] have proposed that the driving
force for recrystalllzation Is the straln energy In the austenite phase
after reverse shear transformation. If the recrystallized gralns are
smaller (or larger) than the original gralins, the term 'grain refined
(or coarsened) reglon' can be used to describe the resulting mlcrostruc-
ture. Further away from the fusion boundary, the peak temperature Is
lower. Where the transformation temperature is exceeded but the recrys-
tallization temperature (or time) Is not, the austenite formed by the
reverse shear transfermation has a high residual defect density, Glven
the high denslty of defects and the propensity for the heterogeneous
nucleation of martensite on cooling, It appears that the cooperative



growth of adjacent laths is suppressed so that martensite laths from In
small elements whose variants are more randomly chosen from among the 24
varilants permitted by the KurdJumov-Sachs (K-S) orientation relation=-
ship. Thils results in the destruction of the previous packet and in the
'packet-refined! structure.

In the case of a multipass weldment the as-cast columnar grains can
be graln-refined and/or packet refined by subsequent passes. Moreover,
if the HAZ of successive packets overlaps, the refined structures are
further refined Into fine packet structures by the rapid thermal cycles
assoclated peak with still latter passes. This results in a fully
refined packet and extremely fine structure throughout the weldment
(effective grain site of several microns), as shown in Figs. 7 and 8.
The fine effective grain size and the absence of clear prlor austenite
boundaries suggest that the multipass weld deposit may have exceptional
resistance to low temperature cleavage and to embrittliement by tempering
or hydrogen. The result of appropriate tests will be presented
separately, '

CONCLUSION

The microstructural refinement in the HAZ of weldments in 9-12NI
steel consists of graln refinment near the fusion boundary and packet
refinement In the bulk of the HAZ, In the case of muitipass weldment,
the fine gralns formed near the fusion boundary are further refined into
fine packets by the weld thermal cycles of subsequent passes to lower »
peak temperatures., |If the successive packets overlap, this resulfs In a
wholly packet refined structure,
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Table 1.

Chemical Composition of Filler and Weld Material.

Material

cC NI Mn s P S Fe

Filler Wire

Weld Metal

0.01 11.0 0.39 0.02 0.003 0.002 bal.

0.01 11.0 0.39 -0.02 - - bal.




Weld Bead

XBL847-7186

Fig. 1 - Schematical drawing of bead-on-plate weldment and location of
specimens taken for the fractographic analysis.



XBB 855-4037

Fig. 2 - Optical micrographs of 12NI alloy: (a) anneal and quenched
(AN), (b) a single cycled, and (c) double-cycled conditions,



XBB 843-2117

Fig. 3 = Microstructure of the bead-on-plate weldment.
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Fig. 4 - Optical picture of bead-on-plate weldment showling the distin-
guishable change In microstructure across the HAZ. -



HAZ

XBB 845-3296

Fig. 5 - SEM fractographs showing (a) the fracture mode change occurring
from weld metal fo bese metal, (b) and (c) are the magnifica-
tion of the areas maked B and C, respectively In (a).
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XBB 805-6225A

Flg. 6 = Microstructure of all weld deposit speciman etched with (a) 5%
Nital and (b) acidified FeClg solutions.
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Fig. 7 - Microstructures of all weld deposit specimens etched with (a)
5% Nital and (b) acidified FeCly solutions,

XBB 846-4528
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XBB 847-5313

Fig. 8 - Transmission electron micrographs of the multipass weld deposit:
(a) bright fleld Image, (b) selected area diffraction pattern,
(c); (d) and (e) are dark#field images taken from the diffrac-
tion spots marked with arrows 1, 2 and 3, respectively in (b),
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