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THE INFLUENCE OF RAPID THERMAL CYCLES IN NULTIPASS WELDING ON HEAT-
AFFECTED-ZONE PROPERTIES IN FERRITIC CRYOGENIC STEELS

by

~H. J. Kim, H. K. Shin and J. W. Morris, Jr.

ABSTRACT

The results of both welding and weld simulation studies on 2BT-
treated 9Ni steel show that multiple rapid thermal cycles have a very
beneficial effect on heat—affected zone toughness at cryogenic tempera-
tures. The metallurgical sources of toughness are, however, different
from those in the furnace—-treated base plate. The rapidly-cycled mate-

- rial contains no detectable austenite phase. The alloy is grain-refined

by the rapid thermal cycle, and the matrix carbon content is relieved by
the formation of interlathcementite precipitates which do not destroy
toughness. . .

INTRODUCTION

The heat treatment of 9Ni steel for cryogenic use is usually finish-
ed by an intercritical temper at a temperature near 600°C which intro-—
duces a distribution of thermally stable austenite along the martensite
lath boundaries. This austenite serves two functions: it refines the
effective grain size of the steel by disrupting the crystallographic
alignment of martensite packets, hence lowering the ductile—to-brittle
transition temperature [1], and it getters carbon from the lattice, hence
raising the upper—shelf toughness [2]. The influence of the precipitated
austenite is sufficiently strong that 9Ni steel has excellent toughness
at temperatures as low as 77K in the simple quench—and-tempered (QT)
condition. To achieve reasonable toughness at lower temperature, i.e.,
4.2K, however, the austenite effect must be supplemented by a prior grain
refinement. Promising results have been obtained at 4.2K through use of
the n2BTn treatment developed in this laboratory [3] in which a four-step
thermal cycling treatment is used to refine the effective grain size [4]
prior to the final temper. ‘

Recent research in Japan [5,6] has shown that 9Ni steel may also be
welded with matching ferritic filler metals using a multipass gas tung-—
sten arc (GTA) welding process to establish good toughness at 77K. A
similar welding procedure was applied to 2BT-treated 9Ni steel [7] and it
led to high impact toughness at 4.2K. In these cases the rapid, multiple
thermal cycling imposed on the weld metal and HAZ by the sequential weld
passes is presumably responsible for the good cryogenic toughmess of the
welded joint. Careful metallographic characterization of the GTA-welded
2BT material [7] showed, however, that no measurable austenite is present
either in the HAZ near the fusior zone or in the weld metal. The metal-
lurgical source of the high toughness of the weld metal and, hence, HAZ
must differ from the source in the heat—treated base plate.



The present work was undertaken to clarify the toughening mechanism
in the HAZ through analysis of the 2BT-treated material given rapid
thermal cycles to simulate the multiple heat cycles imposed during GTA
welding.

EXPERIMENTAL PROCEDURE
The 9Ni steel used in this work was a commercial grade supplied by

Nippon Kokan, K.K. Its detailed composition was: Fe-8.49Ni-0.45Mn~
0.248i-0.059C-0.006P-0.004N-0.0025-0.0020. The material was supplied in

the QT conditionp it was given a 2-hr solution anneal at 900°C to estab—

lish a starting structure for the 2BT treatment [3]: 730°C, 1 hr +
650°C, 2 hrs + 730°C, 1 hr + 650°C, 2 hrs + 575°C, 1 hr. The fully heat-
treated plates were them cut into slightly oversized Charpy impact speci—
mens in longitudinal orientation which were given rapid thermal cycling
treatments in an induction furnace [8]. Samples cycled to temperature
greater than 800°C were heated at 50°C/secp those cycled to T, _ <800°C
were heated at 27°C/sec.

Charpy impact tests were conducted on the treated specimens at 77K
according to ASTM specification E-23. Analytic specimens were cut from
the broken Charpy specimens. The austenite fraction was determined by x-
ray diffraction and the microstructure was studied through transmission
electron microscopy.

RESULTS

Single cycle., The retained austenite content and the 77K Charpy
impact toughness are plotted as a function of peak temperature in a
single thermal cycle (Fig. 1). Peak temperatures below the As tempera-
ture (~ 630 °C) caused no apparent change in the alloy--both the 77K
Charpy impact energy and the fraction of retained austenite remained
unchanged. Above 630°C the retained austenite content dropped precipi-
tously, and no retained austenite was detected for peak temperatures
above the A, temperature (~715°C). The 77K Charpy impact ~65 ft—1b (88
joules) at 730°C which was preserved until the peak temperature exceeded
1000°C. While the impact toughness was relatively low over the range
715-1000°C the fracture mode was ductile rupture, showing that the duc—
tile—to-brittle transition temperature remained below 77K. Above 1000°C
grain growth was observed. Peak temperatures above 1200°C led to large
prior austenite grain sizes (up to 400 pm0 resulting in very low tough-
ness in a brittle fracture mode—the ductile-brittle transition tempera-
ture was raised above 77K.

These results suggest that the destruction of the 2BT structure on
rapid cycling occurs in two steps. For peak temperatures in the range
650-715°C the precipitated austenite disappears causing a decrease in
upper—shelf toughness while preserving a fine effective grain size and a
low ductile-brittle transition temperature. The fine substructure begins
to be destroyed at peak temperatures above 1000°C, causing a further loss
in toughness due to an increase in the transition temperature.

Multiple cycles. In order to simulate the microstructure in the
heat-affected zone near the fusion line of a multipass weldment, speci-
mens that had been rapidly cycled to 1200°C were given additional thermal
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cycles to lower peak temperatures. The multiple cycling treatments were
selected on the basis of work done by Tamura, et al. [9] on quench-and—_
tempered INi steel, and are shown on the x~axis (Fig. 2). The y-axis
plots the 77K Charpy values as a function of the heat treatment, and it
also shows that no retained austenite was detected in any of the thermal-
ly-cycled specimens,

The results of the multiple—cycle heat treatments resemble those
obtained from single cycle treatments (Fig. 1), but reflect different
metallurgical mechanisms, The addition of an 800°C (higher than Af)
cycle raises the impact energy to ~70 ft—1b (95 joules) and changes the
failure mode to ductile fracture by micro—void coalescence. The dominant
microstructural change wrought by this thermal cycle is a refinement of
the effective grain size. Optical microscopy reveals a martensite packet
size of ~ ym——transmission electron microscopic studies (still in pro-
gress) suggest a further refinement of the effective graim size through a
partial destruction of the lath alignment within martensite packets. The
grain refining effect of an a->y->a cycle is, of course, well known
[10,11] though its details are not fully understood.

The toughness is further improved, to 150 ft—1b (203 joules), by a
third rapid cycle to 600°C. Transmission electron metallograph (Fig. 3)
shows that the principal microstructural change after the 600°C cycle is
the aggregation of carbon into cementite precipitates along the lath and
packet boundaries. No austenite spots appear in the diffraction pattern
(Fig. 3c¢c). The dramatic improvement in toughmess contrasts with the
negligible effect of a 600°C cycle imposed directly on a sample which had

‘not experienced the intermediate 800°C treatment (Fig. 2). The result

suggests that the 600°C cycle is useful for raising the toughness of a
sample which fractures in a ductile mode (after the 800°C treatment) but
is ineffective in lowering the ductile—to—-brittle transition,

CONCLUSION

Previous research on the influence of precipitated austenite on the
cryogenic toughness of intercritically tempered steels yields the conclu—
sion that the austenite is beneficial because of its microstructural
consequences: it refimes the effective grain size, hence lowering the
ductile—to-brittle transition, and it getters carbon and deleterious
carbides from the matrix, hence raising the upper—shelf toughness., It
follows that any other metallurgical treatment that achieves similar
microstructural changes should lead to similar cryogenic properties. In
the case of rapidly thermal cycled 9Ni steel, a cycle to above the Af
temperature (715°C) suffices to refine the effective grain size and
decrease the transition temperature while a subsequent cycle to below the
As temperature (630°C) getters carbon into interlath cementites and
raises the upper shelf toughness., Both treatments are necessary im 9Ni
steel. A single cycle to 800°C establishes a ductile fracture mode at
77K but leaves a low upper—shelf impact toughness. A single cycle to
600°C is not helpful because it does not eliminate the brittle fracture
mode at 77K,

The results represented here suggest a simpler interpretation for
the high toughness of the heat—-affected zone in multipass welded 9Ni
steelp while the precipitated austenite is removed by the weld heat



cycles, the sequential rapid heat cycles to successively lower peak
temperatures associated with succeeding weld passes reestablish high
toughness by sequentially refining the effective grain size and gettering
carbon into interlath cementites. Further research is, however, needed
to clarify the details of this process in actual multipass welded plates.
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Figure 1. (!'v energy and amount of austenite vs. peak
temperature of single cycle.
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Figure 3.
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TEM micrographs of cementite precipitafes.
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