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M I m<>STRUCTIJRAL REFINEMENT THROUGH Kll T I PASS GTAW PROCESS 

Hee-Jin Kim and J.W. Morris, Jr • 

ABSTRACT 

The present work was undertaken to II lustrate and clarify the 
microstructural features of martensitic Fe-NI weld deposits made by a 
multipass welding process. To simulate this, rapid thermal treatments 
were applied to an Fe-12NI-0.25TI 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" Is used to d I stl ngu Ish Its 
microstructural features from the grain refinement associated with re
crystallization of austenite. During multipass GTAW process with an 11% 
Nl ferrltlc filler wire, a coarse columnar grain structure Is formed 
after solidification but this structure Is refined repetitively by the 
rapid thermal cycles of subsequent passes. The result Is a fully packet 
refined and extremely fine structure, in the order of several microns, 
throughout the weldment. 

THE THERMAL HI STORY of a we I d therma I eye I e Is high I y dynamIc. 
Hence, the solid-solid phase transformations experienced In a welded 
region are different from those during conventional furnace or thermo
mechanical heat treatment. The weld cycle accompl lshes either a very 
rapid austenltlzing cycle or a very short time tempering treatment de
pending on Its peak temperatures. Previously, the present authors [1,2] 
applied rapid thermal cycles to 9 and 12% Nl steels to simulate the 
microstructural changes occurring In the HAZ. These studies demon
strated that the simulated HAZ microstructures are quite different from 
those obtained by corresponding furnace heat treatments. For Instance, 
a rapid austenltlzlng cycle refines the microstructure by destroying the 
previous packet structure (packet refinement) while an austenltlzlng 
treatment performed In the furnace for a longer time refines the size of 
the prior austenite grains (grain refinement) through the recrystal llza
tlon process. It was also demonstrated that the multi-cycle treatment 
was more effective In refining the effective grain size and, thus, 
suppressed the ductile-brittle transition temperature (OBTT>. The 
present research was performed to extend these microstructural studies 
to actual multipass weld deposits. The first part of the paper wll I 
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 
he I p In the understandIng of the character Is I tcs of "packet refInement". 
Later, the microstructural changes due to actual weld thermal cycles 
applied 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 experience 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-0.25Ti with less than 0.01C. A plate of 

·this alloy was annealed at 1200C for three hours furnace cooled to 900C 
and quenched In water. Its conditIon is desIgnated as 1AN 1• The 1AN' 
plate was machined and sliced to slightly oversized Charpy specimens. 
Single and double austenltlzlng cycles were appl led 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 constitutes the 1C1 treatment: a double cycle is 
des lgnated •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-0.25TI alloy (AN). Its HAZ microstructure was analyzed 
by both optical and fractographlc means. To perform the fractographlc 
analysis, the welded plates were sliced Into standard Charpy specimens 
and then temper embrlttled at 450C for 500 hours. After inserting a 0.2 
mm saw cut within the weld metal as shown In Fig. 1, the embrittled 
specimens were hydrogen charged In a solution of 1 N sulfuric acid at a 
current density of 10 mA/mmA. The hydrogen-charged specimens were bolt 
loaded immediately after char~lng 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 pieces. This 
method Is quite effective In promoting lntergranular fracture In the 
annealed or the recrystal llzed specimens [2]. The fractographic In
formation obtained was correlated with the corresponding microstructure 
revealed on the etched specimen. 

MULTIPASS GTMI WELDMENT- A fully weld deposit material was fabri
cated by building up weld beads on the 2~5 mm thick 9% Ni steel plate. 
Using a fully automated GTAW process, weld beads were deposited side by 
_side and layer by layer until the size of the w~ld deposit reached about 
11 x 38 x 3.6 em. The chemical compositon of the fll fer wire and weld 
d~poslt are ~hewn in Table 1. The weld deposit contains 11% Nl and a 
very low content of Interstitial elements. 

Weld deposit samples for optical microscopy were pol !shed and etched 
with a 5% Nital or an acidified terrlc chloride solution. Samples for 
transmission electron microscopy were spark-cut from chemically-thinned 
slices of weld deposit. They were electropollshed In a twin jet pol lsh
lng apparatus using a chromic-acetic acid solution. The specimens were 
examined In a Phil ips 301 electron microscopy at 100 kV. 

RESULTS 

MICROSTRUCTURE OF THE THERMALLY CYCLED SPECIMENS- The microstruc
ture of the 12NI alloy in the annealed and quenched (AN). state is 
II lustrated 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 lr~egular, as evidenced by their jagged appearance In the plane of 
the micrograph and by the appearance of Islands of one packet In the 
Interior of Its neighbor. Detall~d TEM studies performed on this micro-

2 

" 



structure [2] showed that a single martensite variant Is present within 
a packet. The packet size Is the effective grain size governing trans
granular cleavage since each packet shares a (100) cleavage plan& ·The 
microstructure of the alloy In single and double, cycled conditions ('C' 
and 'CC•, respectively) areshown·ln 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' condition prior austenite grain boundaries can 
hardly befound and the original packet structure was completely and 
homogeneously destroyed Into very fine scale. There Is no evidence of 
recrysta I I I zat I on, I.e., nuc I eat I on of new austen lte graIns and growth 
In the 'C' and 'CC' mIcrostructures. Fo II owing the fractograph i c and 
TEM evidence, the present authors (2] have used the term 'packet refine
ment' to distinguish this kind of microstructural change from the 'grain 
refinement' associated with the conventional austenitizlng treatment. 

HAZ MICROSTRUCTURE 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 liquidus temperature, to an outer location heated to a 
lower critical temperature. By Investigating the HAZ microstructure 
from fusion line to outer limit, the microstructural changes due to 
successively lower peak temperatures can be assessed. The macroscopic 
view of a bead-on-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 finer grain structure than 
the base metal. This feature becomes more clear In the magnified pic
ture (fig. 4) taken across the HAZ. To visual lze the smal I grains 
formed along the fusion boundary, fractographlc analysis was performed 
using the method described earlier. 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 equlaxed grains In the HAZ Immediately 
adjacent to the fusion line fracture In an lntergranular mode. However, 
the fracture mode suddenly changes to ductile dimple In the outer side 
of HAZ and then to lntergranular again In the base metal.· Figure 4b 
clearly II lustrates the equlaxed HAZ grains next to the fusion boundary, 
as well as the columnar grains grown on the half-melted HAZ grains. 
These grains are much smaller than the base metal grains as observed In 
the optical means. It follows that gra~n 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 I ine, I.e., with lower
Ing of peak temperature. 

In contrast to the grain reflnment near the fusion boundary, the 
microstructural refinement In the outer region of HAZ seems to be accom
plished by the destruction of the original packet structure, 1.&, by 
'packet refinement' (2]. The packet refinement Is II lustrated In the 
bottom of Fig. 4. In the boundary area between the HAZ and the base 
metal, a portion of the base metal grain Is destroyed but the other half 
of the grain preserves Its original shape. In the packet-refined re
gion, the microstructure Is quite similar to that In the 'C' specimen 
(fig. 2b). Optical examination of the cross-section of the broken 
specimen shows that the ductile dimple region of the fracture surface 
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shown In Fig. 5a matches wei I with the packet-refined part of the HAZ. 
Figure 6 ~hows partially overlapped bead-on-plate weldments. Detailed 
examination of the weld metal structure shows the elongated columnar 
grains of the previous equlaxed grains next to the fusion I ine 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 
graIns or packets during the we I d therma I eye I e of subsequent passes. 

MICROSTRUCTURE OF MULTIPASS WELD DEPOSIT- As described In section 
I 1, an al 1-weld deposit plate was fabricated and Its microstructure 
studied with optical and transmission electron microscopy. The charac
terization specimens were sliced perpendicular to the welding direction. 
Figures 7a and 7b show optical microstructures after etching with 5% 
Nltal and acidified FeC1 3 solutions, respectively. Figure 7a shows the 
eel lular solidification structure that is typical In the Fe-(9-12)NI 
system [3,4]. Even though the solidification structure Is preserved, 
the transformed structure of the weld deposit Is severely packet re
fined, as shown In Figure 7b. The microstructure Is quite similar to 
that of double-cycled specimen (1CC1) shown In Fig. 2c. The results of 
transmission electron microscope (TEM) are presented In Fig. 8. The 
area shown In the bright field micrograph contains at least three dif
ferent orientations that yield distinct martensite diffraction patterns 
as shown In the figure. The distinct variants can be separated with 
dark field techniques as shown In Figures Be, d and e. The boundaries 
between areas having different orientations are jagged and have sharp 
edges Indicating that they are more I Ike packet boundaries than grain 
boundaries. No grain boundary-like feature, I.e., smooth boundaries, 
was observed throughout the TEM examination. The TEM study demonstrates 
that different martensite variants are Intermixed on a very fine scale 
resuttlng In an extremely fine effective grain size, In the order of 
sever a I mIcrons. 

DISCUSSION 

It Is clear from the above that the HAZ In Fe-9-12NI steels con
tains two regions with distinctly different microstructures: (a) a 
graIn-ref I ned reg I on and (b) a 'packet-ref I ned' reg I on. The graIn
reflned 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. Immedi
ately adjacent to the fusion boundary, the parent metal Is raised to a 
temperature wei I above the austenite transformation temperature. Sub
stantially complete transformation to austenite takes place, and the 
temperature Is high enough for nucleation and growth of new austenite 
gral'ns to occur. Makl [5] and others [6] have proposed that the driving 
force for recrystal llzatlon Is the strain energy In the austenite phase 
after reverse shear transformation. If the rec~ystallized ~rains are 
smaller (or larger) than the original grains, the term 'grain refined 
(or coarsened) region' can be used to describe the resulting microstruc
ture. Further away from the fusion boundary, the peak temperature Is 
lower. Where the transformation temperature is exceeded but the recrys
tal llzatlon temperature (or time) Is not, the austenite formed by the 
reverse shear transformation has a high residual defect density. Given 
the high density of defects and the propensity for the heterogeneous 
nucleation of martensite on cooilng, it appears that the cooperative 
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growth of adjacent laths Is suppressed so that martensite laths from In 
smal I elements whose variants are more randomly chosen from among the 24 
variants permitted by the Kurdjumov-Sachs <K-S> orientation relation
ship. This results In the destruction of the previous packet and In the 

o 'packet-ref 1 ned' structure. 

In the case of a multipass weldment the as-cast columnar grains can 
be grain-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 
associated peak with stll I 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 prior austenite 
boundaries suggest that the multipass weld deposit may have exceptional 
resistance to low temperature cleavage and to embrittlement by tempering 
or hydrogen. The result of appropriate tests will be presented 
separately. 

CONQUSION 

The microstructural refinement In the HAZ of weldments In 9-12N1 
steel consists of grain reflnment near the fusion boundary and packet 
refinement In the bulk of the HAZ. In the case of multipass weldment, 
the fine grains 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 results In a 
wholly packet refined structure. 
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Table 1. Chemical Composition of Filler and Weld Material. 

Material c Nl Mn Sl p s Fe 

Filler Wire 0.01 11.0 0.39 0.02 0.003 0.002 ba I. 

Weld Metal 0.01 11.0 0.39 ·0.02 ba I. \1 
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XBL847-7186 

Pig. 1 - Schematlcal drawing of bead-on-plate weld~ent and location of 
specimens taken for the fractographic analysis. 
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Fig. 2- Optical micrographs of 12Nl alloy: (a) anneal and quenched 
(AN), (b) a si ngle cycled, and (c) double-cycled conditions • 
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Fig. 3 - Microstructure of the bead-on-plate weldment. 
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Fig. 4- Optical picture of bead-on-plate weldment showing the distin
guishable change In microstructure across the HAZ. 
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XBB 845-3296 

Fig. 5- SEM fractographs showing (a) the frac ture mode change occur ring 
fro m weld metal to base metal, (b ) and (c) a r e th e mag nifica
tion of the areas maked Band C, r es pect ive ly In (a). 
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Fig. 6 - Microstructure of alI weld deposit speclman etched with (a) 5% 
Nital and (b) acidified FeCI~ solutions. 
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Fig . 7 - Microstructur es of alI we ld depos it s pecimens etched with (a) 
5% Nita ! and (b) acidif ied FeCI ~ so l ut ions. 
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Fig. 8 - Transmission electron micrographs of the multipass weld deposit: 
(a} bright field Image, (b) selected area diffraction pattern, 
(c), (d) and (e) are dar·l\t-field images taken from the diffrac
tion spots marked with arrows 1, 2 and 3, respectively in (b). 
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