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Superconducting quantum interference devi@QUID) microscopes may serve as useful
nondestructive evaluatiofNDE) tools since they can precisely measure the local magnetic field
variation that can be related to the characteristics of ferromagnetic materials. To demonstrate this,
we have studied magnetic functionally graded materigEMs) in the Fe—Cr—Ni alloy system

using a high-transition-temperaturnd T.) SQUID microscope. The FGMs were either fabricated by
inhomogeneous mechanical deformation or by heat treatment in a temperature gradient. The
magnetic properties of these materials were measured using the vibrating sample magnetometer
technique along the deformation or the temperature gradients. The results from this technique and
the microstructural properties from optical imaging are discussed in conjunction with the magnetic
field images obtained from the SQUID microscope. By exploring the results, the feasibility and
benefit of utilizing SQUID microscopy as a NDE tool are discussed.2@1 American Institute of
Physics. [DOI: 10.1063/1.1334637

I. INTRODUCTION This phenomenon has been used to produce a magnetic func-
tionally graded materialFGMs) using an inhomogeneous

Superconducting  quantum interference  devicesheat treatment of a deformed 304 stainless sSteel.

(SQUIDs are known as the most sensitive detectors of mag- In this study, the magnetic functionally graded

netic flux. The devices can measure any physical quantitynaterial§’ are fabricated either by a inhomogeneous defor-

that can be converted to a flux, for example, magnetic fieldmation of the wedge-shaped Fe—Cr—Ni alloy or by an inho-

magnetic field gradient, current, voltage, displacement, anchogeneous heat treatment of the deformed alloy. The vari-

magnetic susceptibility.One of its applications is SQUID ous magnetic properties of these FGMs are measured using

microscopy. In this work, the samples are first demagnetizethe vibrating sample magnetomet@/SM) technique. The

and then subsequently magnetized in fields up to 50 mT, anchagnetic properties are correlated to the microstructures of

the vertical component of the remanent magnetization ishe materials obtained from optical imaging. These results

measured by rastering the sample over the SQUID using are then discussed using the magnetic field images generated

two-dimensional (2D) translation stage with a scanning by the SQUID microscope.

range of 50 mm. The information from the 2D remanent

magnetization images may provide an effective method fo

the nondestructive evaluatigfNDE) of magnetic materials ll. SAMPLE PREPARATION

through a simple measurement of remanent magnetization.  The material used in this study was a commercial grade
It is well known that the deformation of the Fe—18Cr— AlSI 304 (Fe—Cr—Ni systemstainless steel bar with a cross

8Ni system(composition in weight perceninduces the for- section of 12.7 mm6.4 mm. The chemical composition

mation of the martensite phage within its parent austenite (wt %) of the stainless steel studied was: Cr 18.46, Ni 9.04, C

phasey. In addition, this martensitie’ phase can transform 0.033, Mn 1.86, Mo 0.28, Co 0.10, Cu 0.41, P 0.028, Si 0.32,

into the y phase(a’ to y reverse martensitic transformatjon S 0.019, Ti<0.005, V 0.05, and Fe bal. From this steel bar,

when the alloy is heatetiThis reverse martensitic transfor- magnetically graded materials were produced by two meth-

mation is accompanied by a ferromagneti¢ phase¢ to  ods. Samples 1, 2, and 3 were fabricated by rolling a wedge-

paramagnetio(y phase transition. Along the temperature shaped sample to induce inhomogeneous plastic deforma-

gradient from the starting temperature of the reverse marteriion. Samples A and B were made by heat treating a

sitic transformation to the finishing temperature, thereforedeformed sample in a thermal gradient.

the magnitude of the saturation magnetization decreases. Wedge-shaped samples were machined from the as-

received stainless steel bar, and the dimensions were shown

dpermanent address: Department of Functional Machinery and Mechaniclsn Fig. 1(a). If the x is taken as shown in Fig.(d@), and

Shinshu University, 3-15-1, Tokida, Ueda 386-8567, Japan: electroni@SSuming negligible change in' the width direction, the dis-
mail: yoshimi@giptc.shinshu-u.ac.jp tancex, becomes after the rolling:
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FIG. 2. Temperature gradients during the thermal gradient heat treatment.

and 650 °C, respectively. Therefore, the magnetic properties
N of the samples are expected to change over the region from
y=15mm toy =45 mm for sample A and frorp=20 mm to
y=50 mm for sample B. This reverse transformation is com-
pleted very quickly. For example, more than 80% of the
reverse transformation occurs within 15 min when the
sample is heated at 670 “Che holding time was, therefore,

25 or 15mm set at 15 min, and the samples were then immediately
quenched in water.

Both the rolled(samples 1, 2, and)&nd the heat-treated
samples(samples A and Bwere cut into two pieces by an
FIG. 1. (a) Schematic illustration of a wedge-shaped sample, in which theeIeC'FrOdISCharge machine. One plece was mounted_ n Tran-
thickness of the sample decreases linedly Schematic illustration of heat soptic™ powder for the SQUID microscope and optical im-
treatment conditions resulting in temperature gradient along specimen.  aging. Since the penetration depth of the SQUID microscope

is large while the thickness of the samples was relatively
thin, there is a possibility that the SQUID image includes the
information from the opposite surface. Therefore, both sur-

Y= (%Jr )ﬁ 1) faces were polished carefully before the mounting. The other

254 )t piece was cut by an electrodischarge machine into smaller
pieces(1 mm in width along the direction perpendicular to
the gradient for the VSM measurements.

furnace

Distance, y

where't is the thickness of the sample after the rollfhg.
Therefore, the rolling ratio at position, R(x), is

12.7 ll. MEASUREMENT AND SQUID MICROSCOPE

. 2)
3.20+40.64 ( Magnetic measurements were made in a vibrating
An extensive description of the fabrication method ofsample magnetometer(VSM) to obtain quantitative
Samples 1, 2, and 3 is presented elsewfere. magnetic-property profiles in the samples. The hysteresis
Figure Xb) is a schematic illustration of the inhomoge- curve of each piece was then generated at room temperature
neous heat treatment. After austenitization at 1323 Kwith a maximum magnetic field of 1.2 MA/m. The saturation
(1050 °Q for 2 h, the samples were rolled down to a rolling magnetization and remanent magnetization were evaluated
ratio of 70% to introduce the initiak’ martensite phase. from the hysteresis curves. Since the magnetic field was ap-
X-ray diffraction patterns of the samples showed a mixtureplied along the longitudinal direction of the samples, the in-
of austenite and martensite phases. Each sample was thBuence of demagnetization on the hysteresis curve was as-
heated in a furnace while one end of the sample was imsumed negligible. The magnetic properties were correlated to
mersed in water. As a result, a temperature gradient wathe optical microstructures of the materials. A magnetic etch-
developed along the sample. The temperature gradient wasg technique was used to reveal the ferromagnetienar-
controlled by changing the gap between the furnace and waensite phase within the paramagnetic austenite phase.
ter: 25 and 15 mm for samples A and B, respectively. During  The SQUID microscope used in this study is similar in
the heat treatment, the temperatures at different locationdesign to other SQUID microscoptswith the additional
were measured by the thermocouples attached to the samplavantage of having a rather lar@0 mmx50 mnm) scan-
Figure 2 shows the temperature gradients during the heating range. It consists of a SQUID inside a vacuum enclo-
treatment. In this figure, distancg, indicates the sample sure that is thermally coupled to a liquid nitrogen reservoir,
positions, i.e., distances from the top of the sample, as showas shown schematically in Fig. 3, with a 128a-thick sap-
in Fig. 1(b). It is known that the starting and finishing tem- phire window separating the SQUID from room temperature
peratures of the reverse martensitic transformation are 45@&nd pressure. A sample stage with three height-adjustment

R(x)=1—
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FIG. 3. Schematic of SQUID microscope.

screws rests on a large brass table mounted with a kinematic
mount, allowing the sample stage and table to be aligned
with the vacuum window. A thin piece of aluminum couples
the sample stage to a two-dimensiof®D) translation stage,
providing rigidity in the plane of the 2D motion while allow-
ing the stage to tilt and move in the plane perpendicular to
the 2D motion. The sample is mounted on a mylar film at-
tached to the sample stage while a weighted finger holds the
sample against the vacuum window, maintaining a constant

SQUID-to-sample separation. A computer raster scans the
sample stage over the SQUID by stepper motors while re-

(b)
cording the SQUID signal. Since the SQUID measures the  (c)
magnetic field component perpendicular to the sample sur-
face, the scanning produces a 2D image of the magnetic field
due to the remanent magnetization of the sample.
IV. RESULTS AND DISCUSSION
A. Microstructures
In the Fe—Cr—Ni alloy system, there are two distinct
martensitic transformation producta! phase anc phase.
The o' phase is ferromagnetic, while tkgphase is paramag-
(d
100pum
—

netic like the parenty phase. Hence, the magnetic etching
technique reveals only the ferromagneticphase. Figure 4

FIG. 4. Distribution of ' martensite in sample A ag=20 mm (a), y
=25mm(b), y=30 mm(c), andy= 35 mm(d) positions.

shows the typical microstructures of the inhomogeneously
heat-treated sample A after the magnetic etching. The micro-
structures ay=20mm, 25 mm, 30 mm, and 35 mffig.

1(a)] are shown in(a), (b), (c), and (d), respectively. The
microstructures in the regiog less than 20 mm are not
shown, since the ferromagneti¢ phase was completely ab-
sent. Except for this region, as shown in Figa)l the
amount of thea' phase gradually increases alopgAs a
consequence, the sample becomes a magnetic functionally
graded materialFGM).

B. Hysteresis curves and magnetic properties
distributions

Figures %a) and 3b) show the hysteresis curves as agradienty (sample A. This can be explained by the fact that
function of the applied magnetic field obtained from thethe amount of the ferromagneti¢ phase varies as a func-
VSM measurements of samples 1 and A, respectively. Th&on of x or y, for example, as shown in Fig. 4.
detailed profiles of the curves near the origin are also shown From the hysteresis curves such as that shown in Fig. 5,
in the figure. Note that the magnetization curves depend onone can calculate the saturation magnetization, remanent
the deformation gradient (sample 1 or the temperature magnetization, and coercive force curves along the samples.
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FIG. 6. Saturation magnetizatiqa), remanent magnetizatiof), and co-

12 -10 08 06 04 02 0 02 04 06 08 18 12 ercive force(c) distributions in the rolled samples.

Magnetic Field / MA/m

FIG. 5. Hysteresis curves obtained by VSM measureméatsample 1 and
(b) sample A. unit volume of a solid. Therefore, the values of saturation

magnetization and remanent magnetization are proportioned
to the amount of ferromagnetic phase in the sample. On the

Figure 6 plots these parameters as a functior 6ér the other hand, however, the coercive force is essentially inde-

rolled samples. Note that the difference in these samples
the rolling ratio distribution, i.e., the mechanical deformation
gradient over the samples. For samples 1, 2, and 3, the rol
ing ratios alongx range from 0% to 54.6%, from 12.6% to
60.5%, and from 31.3% to 69.9%, respectively. In Fig) 6
the saturation magnetization gradually increases as a fun
tion of f( This is _expected, sihce the amount of th_e ferromag‘I'herefore, the slight change in the coercive force found in
I’?etICa mar_tensne phase increases with increasing the p_Iaﬁfig. 7 may occur by the above mechanism.
tic deformation along the direction. Also, a similar behavior
is observed for the remanent magnetization cury8sce
the rolling ratio distributions for samples 1 and 2 are rela-
tively similar, there are only minimal differences in remanent & 30
and saturation magnetizations for samples 1 and2spite
the fact that the saturation magnetization and the remanent
magnetization gradually increase as a functionxothere
was no notable position dependence on the coercive force.
To discuss the above phenomena quantitatively, the rem-
anent magnetization and coercive force in the rolled samples
are replotted against the saturation magnetization and are
shown in Fig. 7. As can be seen, linear dependence was
found between the saturation magnetization and the rema- . L ‘ . 0
nent magnetization, while the coercive force is almost con- 10 20, 30 4‘0 . 0 6070
stant with the saturation magnetizatigithe coercive force Saturation Magnetization / mT

slightly decr?as_es as the _saturatlon magnetlze_ltlon increasegg. 7. Remanent magnetization and coercive force in the rolled samples
The magnetization is defined as the magnetic moment pefiotted against the saturation magnetization.

l;§endent of the amount of ferromagnetic phase. Deh@l.
tudied magnetic properties of martensite—austenite mixtures
n mechanically milled 304 stainless steel, and it was found
that the coercive force measured at room temperature de-
creased with the fraction of martensite, due to the increased
fiteraction between the ferromagnetic martensite grdins.
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FIG. 10. Magnetic field image from sample 1.

the saturation magnetization. A linear dependence was found
between the saturation magnetization and the remanent mag-
netization similar to the rolled samples. In contrast, the co-

ercive force of the heat-treated sample dramatically changes

10 1 with the saturation magnetization. This is associated with the
5 i fact that the heat treatment of the Fe—Cr—Ni system intro-

duced the carbide and/or nitride precipitates. It is well rec-
0 . . . . . . .

ognized that these fine precipitates can interact with the do-

10 20 30 40 50 60 70 80 . - ) : ,
Distance, y / mm main walls and limit their movement, thereby increasing
coercivity.
FIG. 8. Saturation magnetizatida), remanent magnetizatiaf), and co-

ercive force(c) distributions in the heat-treated samples.

In the case of the heat-treated sampgikesand B), Fig. 8

C. Magnetic field images

Figure 10 shows the magnetic field image of the sample
1 (rolled samplg¢ obtained by the SQUID microscope. Note

plots the saturation magnetization, remanent magnetizationy, ¢ the remanent field increases along the deformation gra-
and coercive force curves as a functionyoftemperature  gient, which is in agreement with the results from the optical
gradienj. Both the saturation magnetization and the rema‘microscope and VSM measurements presented above. A
nent magnetization values increase with increaginthis is large peak is observed at one end=(12.7 mm) of the im-

due to the fact that the heat treatment promotes largefge |n general, the local demagnetization factor is low at the
amounts of the ferromagnetie’ martensite phase along this ¢4ges and high at the center. Since only the free edge has a
direction. Furthermore, unlike the behavior shown in Fig.g pstantial martensite content, it will become highly magne-
7(a), the coercive force changes along the sample Whisn (764 due to the higher effective fielthe applied field—the

smaller than 50 mm. demagnetizing field during the magnetization process. It

Figure 9 shows the remanent magnetization and COEICiVg; then have a higher remanent field than a comparable
force in the heat-treated samples, which are replotted againg{icrostructure at the center of the specimen. On the other

hand, the opposite edge£0) has a low martensite and a

high austenite content and will not show a high remanent

E 7 ‘ ‘ ' ' ' 30 field. The other possibility of the large peak is that the ir-
~ 60 | g regular geometry of the free edge produces a large effect on
,§ so b .?Z magnetization. At the end of the rolled samples, there is al-
8 207~ ways a concavity in the through-thickness profile. If a thin
B 40 5 region is then exposed, the demagnetizing factor is lower and
5’ 30 ‘; produces a larger magnetization at the region.

% 20 | e : Sample A 10.5 The presence of this large magnetization can create an
5 e ; Sample B § oppositely oriented, compensating field in the neighboring
é 10 o regions, resulting in the double peak seen in Fig. 10. This
© 0 . ' . . 0 oppositely oriented field cancels the field due to the defor-

0 50 100 150

Saturation Magnetization / mT

mation gradient near the large edge peak. Away from the
edge peak, there is a gradual decrease in the vertical compo-

FIG. 9. Remanent magnetization and coercive force in the heat-treateB€Nt Of the remanent magnetization going down the defor-
samples plotted against the saturation magnetization.

mation gradient. This suggests that SQUID microscopy can
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of the Fe—Cr—Ni alloy. The magnetic characteristics were
examined by the VSM technique and a SQUID microscope.
The SQUID images were in agreement with the results from
the VSM measurements and microstructural analysis. This
work suggests that a simple SQUID measurement may be-
come an effective method for the NDE of ferromagnetic

steels by correlating the remanent magnetization images to
the microstructural characteristics.
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FIG. 11. Magnetic field image from sample A.
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