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High- T, superconducting quantum interference device observation
of heat-affected zone in a spot-welded Fe—Cr—Ni system
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A study was carried out to observe a heat-affected Z6t#%Z) in a deformed Fe—Cr—Ni system
containinga’ martensite using high superconducting quantum interference de\iQUID)
microscopy. Microstructure and remanent magnetization images were studied by an optical
microscope and a SQUID microscope, respectively. The HAZ, in which only the
face-centered-cubic austenite phase exists, could be visualized by the SQUID microscope. It was
also found that the SQUID images were consistent with the results from the microstructural
analysis. It was concluded that a simple SQUID measurement may serve as an effective method for
a nondestructive evaluation of ferromagnetic steel phases by correlating remanent magnetization
images to microstructural characteristics. 2003 American Institute of Physics.
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Spot welding is performed through a resistance weldingzed by a superconducting quantum interference device
process in which the components to be welded are clampe®QUID) microscope. In SQUID microscopy, a specimen is
between two electrodes supplying heat current. It is knowrscanned in close proximity to the SQUID microscope to pro-
that a weld fusion zone and a heat-affected zOHAZ), duce a two-dimension2D) magnetic field imagé-2In this
which experience high temperature followed by rapid cool-way, the SQUID microscope can serve as a useful nonde-
ing to room temperature, exhibit very different microstruc- structive evaluatioNDE) tool by precisely measuring the
tures, compared with those of base materialfie micro- local magnetic field variation that can be related to the char-
structure of a HAZ is influenced by many factors such asacteristics of ferromagnetic materials. Therefore, it is ex-
chemical composition, welding condition, and peak temperapected that the HAZ in the deformed stainless steel with an
ture. For the analysis of the HAZ microstructure, optical mi-a’ martensite phase can be visualized by SQUID micros-
croscope(OM), electron microscope, and x-ray diffraction copy through the difference in remanent magnetization.
techniques have been used. In the case of steel, however, In this study, a deformed stainless steel withcdnmar-
their application is limited, since it is difficult to perform a tensite phase was spot welded to a copper wire. The welded
quantitative analysis of HAZ where numerous steel phasesurfaces and the cross-sectional planes were examined using
such as body-centered-tetragonal martensitd (hexagonal an OM. A SQUID microscope observation was then carried
closed-packed martensite), bainite, ferrite(a), austenite ~Out on the welded surfaces to produce the 2D remanent mag-
(y), and carbides may coexist. netization images.

It is well known that deformation of Fe-18 wt% Cr 9 The material used in this study was a commercial grade
wt% Ni (stainless steglintroduces am’ martensite phase AISI 304 stainless-steel bar with a cross section of
within its parenty austenite phastThis o’ martensite phase 12.7 mm<6.4 mm. The chemical compositidin wt %) of
can transform into a phase(known as thex’ to y reverse this stainless steel was: Cr 18.46, Ni 9.04, C 0.033, Mn 1.86,

martensitic transformationvhen the alloy is heated beyond Mo 0.28, Co 0.10, Cu 0.41, P 0.028, Si 0.32, S 0.019, Ti
about 500 °C*® Since this reverse martensitic transforma- <0-005, V 0.05, and Fe bal. After austenitization at 1050°C
tion is accompanied by a ferromagnetie’ (phase to para- for 2 h, Fhe specimens were roI_Ied down to a rolling ratio of
magnetic(y phase transition, remanent magnetization also 70% to introduce am’ martensite phase. The volume frac-
changes by this transformation. Accordingly, the remanention of @’ martensite phase was determined to be about 7%
magnetization around the HAZ in the deformed stainles®Y @n x-ray diffraction analysis. The diameter of the spot-

steel is expected to change as well. A recent study has showie!ded copper wire was 0.5 mm. Heat input powers applied

that the magnetic gradient in a deformed and inhomoge!® SPecimens A and B were 100 W's and 200 W's, respec-

neously heat-treated 304-type stainless steel could be visudYely- _ _ _
The specimens were mounted in Transoptic™ powder

) for the OM and SQUID microscope observation. Since the
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FIG. 2. Cross-sectional view of HAZ in specimen B.

FIG. 1. Microstructure of the welded surface of specimen B, which wascurrent has greatest influence upon the amount of heat
welded with a copper wire under the heat input power of 200 W s. generated.ln this study, a Iarger HAZ was found for speci-
men B that was welded under a larger heat input potaer
the information from the opposite surface. Therefore, the oplarger heat generation during the welding
posite surface of the SQUID observation specimen was pol- In order to investigate the microstructural features
ished carefully before the mounting. The SQUID microscopearound the welding point, cross sections of specimen B were
used in this study is similar in design to other SQUID characterized as shown in Fig. 2. The upper and lower sur-
microscopes:® The welded specimens were first demagnefaces in Fig. 2 correspond to the welding and opposite sur-
tized and then subsequently magnetized in fields up to 5fces, respectively. Note that the dome-shaped HAZ was
mT, and the vertical component of the remanent magnetizaound at the opposite side of the welding point as well as
tion was measured by rastering the specimen over thender the welding point. Again, the size of HAZ increased
SQUID using a 2D translation stage with a scanning range of
50 mm. Details of the SQUID microscope are documented
elsewheré8 (ﬁ)

The HAZ microstructure was also observed by OM. To
observe the HAZ in the stainless steel, a magnetic etching
techniqué was used. Since the unaffectetl phase and heat-
affectedy phase are ferromagnetic and paramagnetic, respec-
tively, this technique revealed only the unaffected ferromag-
netic o’ phase.

Figure 1 shows OM microstructure of the welded sur-
faces of specimen B. It is evident from Fig. 1 that there
exists a ferromagnetia’ martensite phase in the deformed
stainless steel. In contrast, only a paramagnetaustenite
phase is observed near the copper wire, i.e., around the weld-
ing point. The starting and finishing temperatures of the re-
verse martensitic transformation are 450°C and 650°C, -650}.!.T ? 6OUJJ.T
respectively. This reverse transformation is completed GHT
quickly. For example, more than 80% of the reverse trans-
formation occurs within 15 min when the specimen is heated (b)
at 670 °C? Therefore, the phenomena shown in Fig. 1 can be
explained by the fact that the ferromagneti¢ martensite
phase transformed into the paramagnetic austeniphase
by the heat generated by the spot welding, while the marten-
site was exposed to the high temperature only for a short
period. In addition, a clear boundary is found betweendhe
martensite phase region and the austenite phase region. Sinc
within the range of the starting temperature of the reverse
martensitic transformation to the finishing temperature the
amount of the martensite phase decreases with increasing

temperature, it can be concluded that the temperature gradi-
ent around the boundary is steep. This martensite phase
free region is the HAZ formed by the spot welding. -390MT 1 Sﬁﬂ'l.lT

Although the OM microstructure of the specimen A is O'J_T
not presented here, a larger austenite phase re@ien
HAZ) was found for the specimen B. It is known that variousgg. 3, (Color The magnetic field images from specimeasA and (b) B,

welding parameters affect the size of HAZThe amount of  respectively.
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with increasing the heat input power. In this way, the HAZ that the HAZ of the deformed steel, in which only the aus-
where the reverse martensitic transformation takes place caanite phase exists, could be identified by the SQUID micro-
be visualized through the phase difference by the magnetiscope. While submicron-scaled phenomena in /e still
etching® difficult to characterize, a simple SQUID measurement may

Figures 3a) and 3b) show the magnetic field images of become an effective method for the NDE of ferromagnetic
specimens A and B, respectively, obtained by the SQUIDsteel phases by correlating remanent magnetization images to
microscope. It must be noted here that a smaller remanemicrostructural characteristics.
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