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Observation of magnetic gradients in stainless steel with a high- Tc
superconducting quantum interference device microscope
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Superconducting quantum interference device~SQUID! microscopes may serve as useful
nondestructive evaluation~NDE! 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 materials~FGMs! in the Fe–Cr–Ni alloy system
using a high-transition-temperature (HTc) 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. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1334637#
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I. INTRODUCTION

Superconducting quantum interference devic
~SQUIDs! are known as the most sensitive detectors of m
netic flux. The devices can measure any physical quan
that can be converted to a flux, for example, magnetic fie
magnetic field gradient, current, voltage, displacement,
magnetic susceptibility.1 One of its applications is SQUID
microscopy. In this work, the samples are first demagneti
and then subsequently magnetized in fields up to 50 mT,
the vertical component of the remanent magnetization
measured by rastering the sample over the SQUID usin
two-dimensional ~2D! translation stage with a scannin
range of 50 mm. The information from the 2D remane
magnetization images may provide an effective method
the nondestructive evaluation~NDE! of magnetic materials
through a simple measurement of remanent magnetizati2

It is well known that the deformation of the Fe–18Cr
8Ni system~composition in weight percent! induces the for-
mation of the martensite phasea8 within its parent austenite
phaseg.3 In addition, this martensitica8 phase can transform
into theg phase~a8 to g reverse martensitic transformation!
when the alloy is heated.4 This reverse martensitic transfo
mation is accompanied by a ferromagnetic~a8 phase! to
paramagnetic~g phase! transition. Along the temperatur
gradient from the starting temperature of the reverse mar
sitic transformation to the finishing temperature, therefo
the magnitude of the saturation magnetization decrea

a!Permanent address: Department of Functional Machinery and Mecha
Shinshu University, 3-15-1, Tokida, Ueda 386-8567, Japan; electr
mail: yoshimi@giptc.shinshu-u.ac.jp
1970021-8979/2001/89(3)/1977/6/$18.00

loaded 05 Sep 2010 to 133.68.192.97. Redistribution subject to AIP licens
s
-

ty
,
d

d
nd
is
a

t
r

.

n-
,
s.

This phenomenon has been used to produce a magnetic
tionally graded material~FGMs! using an inhomogeneou
heat treatment of a deformed 304 stainless steel.5

In this study, the magnetic functionally grade
materials6,7 are fabricated either by a inhomogeneous def
mation of the wedge-shaped Fe–Cr–Ni alloy or by an inh
mogeneous heat treatment of the deformed alloy. The v
ous magnetic properties of these FGMs are measured u
the vibrating sample magnetometer~VSM! technique. The
magnetic properties are correlated to the microstructure
the materials obtained from optical imaging. These res
are then discussed using the magnetic field images gene
by the SQUID microscope.

II. SAMPLE PREPARATION

The material used in this study was a commercial gra
AISI 304 ~Fe–Cr–Ni system! stainless steel bar with a cros
section of 12.7 mm36.4 mm. The chemical compositio
~wt %! of the stainless steel studied was: Cr 18.46, Ni 9.04
0.033, Mn 1.86, Mo 0.28, Co 0.10, Cu 0.41, P 0.028, Si 0.
S 0.019, Ti,0.005, V 0.05, and Fe bal. From this steel b
magnetically graded materials were produced by two me
ods. Samples 1, 2, and 3 were fabricated by rolling a wed
shaped sample to induce inhomogeneous plastic defor
tion. Samples A and B were made by heat treating
deformed sample in a thermal gradient.

Wedge-shaped samples were machined from the
received stainless steel bar, and the dimensions were sh
in Fig. 1~a!. If the x is taken as shown in Fig. 1~a!, and
assuming negligible change in the width direction, the d
tancex0 becomesx after the rolling:

cs,
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x5S 3.2x0

25.4
13.2D x0

t
, ~1!

where t is the thickness of the sample after the rolling8

Therefore, the rolling ratio atx position,R(x), is

R~x!512
12.7t

3.2x0140.64
. ~2!

An extensive description of the fabrication method
Samples 1, 2, and 3 is presented elsewhere.8

Figure 1~b! is a schematic illustration of the inhomog
neous heat treatment. After austenitization at 1323
~1050 °C! for 2 h, the samples were rolled down to a rollin
ratio of 70% to introduce the initiala8 martensite phase
X-ray diffraction patterns of the samples showed a mixt
of austenite and martensite phases. Each sample was
heated in a furnace while one end of the sample was
mersed in water. As a result, a temperature gradient
developed along the sample. The temperature gradient
controlled by changing the gap between the furnace and
ter: 25 and 15 mm for samples A and B, respectively. Dur
the heat treatment, the temperatures at different locat
were measured by the thermocouples attached to the sam
Figure 2 shows the temperature gradients during the
treatment. In this figure, distance,y, indicates the sample
positions, i.e., distances from the top of the sample, as sh
in Fig. 1~b!. It is known that the starting and finishing tem
peratures of the reverse martensitic transformation are 4

FIG. 1. ~a! Schematic illustration of a wedge-shaped sample, in which
thickness of the sample decreases linearly.~b! Schematic illustration of hea
treatment conditions resulting in temperature gradient along specimen.
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and 650 °C, respectively. Therefore, the magnetic proper
of the samples are expected to change over the region f
y515 mm toy545 mm for sample A and fromy520 mm to
y550 mm for sample B. This reverse transformation is co
pleted very quickly. For example, more than 80% of t
reverse transformation occurs within 15 min when t
sample is heated at 670 °C.4 The holding time was, therefore
set at 15 min, and the samples were then immedia
quenched in water.

Both the rolled~samples 1, 2, and 3! and the heat-treated
samples~samples A and B! were cut into two pieces by an
electrodischarge machine. One piece was mounted in T
soptic™ powder for the SQUID microscope and optical im
aging. Since the penetration depth of the SQUID microsc
is large while the thickness of the samples was relativ
thin, there is a possibility that the SQUID image includes t
information from the opposite surface. Therefore, both s
faces were polished carefully before the mounting. The ot
piece was cut by an electrodischarge machine into sma
pieces~1 mm in width! along the direction perpendicular t
the gradient for the VSM measurements.

III. MEASUREMENT AND SQUID MICROSCOPE

Magnetic measurements were made in a vibrat
sample magnetometer~VSM! to obtain quantitative
magnetic-property profiles in the samples. The hystere
curve of each piece was then generated at room tempera
with a maximum magnetic field of 1.2 MA/m. The saturatio
magnetization and remanent magnetization were evalu
from the hysteresis curves. Since the magnetic field was
plied along the longitudinal direction of the samples, the
fluence of demagnetization on the hysteresis curve was
sumed negligible. The magnetic properties were correlate
the optical microstructures of the materials. A magnetic et
ing technique was used to reveal the ferromagnetica8 mar-
tensite phase within the paramagnetic austenite phase.9

The SQUID microscope used in this study is similar
design to other SQUID microscopes,10 with the additional
advantage of having a rather large~50 mm350 mm! scan-
ning range. It consists of a SQUID inside a vacuum enc
sure that is thermally coupled to a liquid nitrogen reservo
as shown schematically in Fig. 3, with a 125-mm-thick sap-
phire window separating the SQUID from room temperatu
and pressure. A sample stage with three height-adjustm

e

FIG. 2. Temperature gradients during the thermal gradient heat treatm
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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screws rests on a large brass table mounted with a kinem
mount, allowing the sample stage and table to be alig
with the vacuum window. A thin piece of aluminum coupl
the sample stage to a two-dimensional~2D! translation stage
providing rigidity in the plane of the 2D motion while allow
ing the stage to tilt and move in the plane perpendicula
the 2D motion. The sample is mounted on a mylar film
tached to the sample stage while a weighted finger holds
sample against the vacuum window, maintaining a cons
SQUID-to-sample separation. A computer raster scans
sample stage over the SQUID by stepper motors while
cording the SQUID signal. Since the SQUID measures
magnetic field component perpendicular to the sample
face, the scanning produces a 2D image of the magnetic
due to the remanent magnetization of the sample.

IV. RESULTS AND DISCUSSION

A. Microstructures

In the Fe–Cr–Ni alloy system, there are two distin
martensitic transformation products:a8 phase ande phase.
Thea8 phase is ferromagnetic, while thee phase is paramag
netic like the parentg phase. Hence, the magnetic etchi
technique reveals only the ferromagnetica8 phase. Figure 4
shows the typical microstructures of the inhomogeneou
heat-treated sample A after the magnetic etching. The mi
structures aty520 mm, 25 mm, 30 mm, and 35 mm@Fig.
1~a!# are shown in~a!, ~b!, ~c!, and ~d!, respectively. The
microstructures in the regiony less than 20 mm are no
shown, since the ferromagnetica8 phase was completely ab
sent. Except for this region, as shown in Fig. 1~a!, the
amount of thea8 phase gradually increases alongy. As a
consequence, the sample becomes a magnetic functio
graded material~FGM!.

B. Hysteresis curves and magnetic properties
distributions

Figures 5~a! and 5~b! show the hysteresis curves as
function of the applied magnetic field obtained from t
VSM measurements of samples 1 and A, respectively.
detailed profiles of the curves near the origin are also sho
in the figure. Note that the magnetization curves depend
the deformation gradientx ~sample 1! or the temperature

FIG. 3. Schematic of SQUID microscope.
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gradienty ~sample A!. This can be explained by the fact th
the amount of the ferromagnetica8 phase varies as a func
tion of x or y, for example, as shown in Fig. 4.

From the hysteresis curves such as that shown in Fig
one can calculate the saturation magnetization, rema
magnetization, and coercive force curves along the samp

FIG. 4. Distribution of a8 martensite in sample A aty520 mm ~a!, y
525 mm ~b!, y530 mm ~c!, andy535 mm ~d! positions.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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Figure 6 plots these parameters as a function ofx for the
rolled samples. Note that the difference in these sample
the rolling ratio distribution, i.e., the mechanical deformati
gradient over the samples. For samples 1, 2, and 3, the
ing ratios alongx range from 0% to 54.6%, from 12.6% t
60.5%, and from 31.3% to 69.9%, respectively. In Fig. 6~a!,
the saturation magnetization gradually increases as a f
tion of x. This is expected, since the amount of the ferrom
netic a8 martensite phase increases with increasing the p
tic deformation along the direction. Also, a similar behav
is observed for the remanent magnetization curves.~Since
the rolling ratio distributions for samples 1 and 2 are re
tively similar, there are only minimal differences in remane
and saturation magnetizations for samples 1 and 2.! Despite
the fact that the saturation magnetization and the rema
magnetization gradually increase as a function ofx, there
was no notable position dependence on the coercive for

To discuss the above phenomena quantitatively, the r
anent magnetization and coercive force in the rolled sam
are replotted against the saturation magnetization and
shown in Fig. 7. As can be seen, linear dependence
found between the saturation magnetization and the re
nent magnetization, while the coercive force is almost c
stant with the saturation magnetization.~The coercive force
slightly decreases as the saturation magnetization increa!
The magnetization is defined as the magnetic moment

FIG. 5. Hysteresis curves obtained by VSM measurements.~a! sample 1 and
~b! sample A.
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unit volume of a solid. Therefore, the values of saturat
magnetization and remanent magnetization are proportio
to the amount of ferromagnetic phase in the sample. On
other hand, however, the coercive force is essentially in
pendent of the amount of ferromagnetic phase. Dinget al.
studied magnetic properties of martensite–austenite mixt
in mechanically milled 304 stainless steel, and it was fou
that the coercive force measured at room temperature
creased with the fraction of martensite, due to the increa
interaction between the ferromagnetic martensite grain11

Therefore, the slight change in the coercive force found
Fig. 7 may occur by the above mechanism.

FIG. 6. Saturation magnetization~a!, remanent magnetization~b!, and co-
ercive force~c! distributions in the rolled samples.

FIG. 7. Remanent magnetization and coercive force in the rolled sam
plotted against the saturation magnetization.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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In the case of the heat-treated samples~A and B!, Fig. 8
plots the saturation magnetization, remanent magnetiza
and coercive force curves as a function ofy ~temperature
gradient!. Both the saturation magnetization and the rem
nent magnetization values increase with increasingy. This is
due to the fact that the heat treatment promotes la
amounts of the ferromagnetica8 martensite phase along th
direction. Furthermore, unlike the behavior shown in F
7~a!, the coercive force changes along the sample wheny is
smaller than 50 mm.

Figure 9 shows the remanent magnetization and coer
force in the heat-treated samples, which are replotted aga

FIG. 8. Saturation magnetization~a!, remanent magnetization~b!, and co-
ercive force~c! distributions in the heat-treated samples.

FIG. 9. Remanent magnetization and coercive force in the heat-tre
samples plotted against the saturation magnetization.
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the saturation magnetization. A linear dependence was fo
between the saturation magnetization and the remanent m
netization similar to the rolled samples. In contrast, the
ercive force of the heat-treated sample dramatically chan
with the saturation magnetization. This is associated with
fact that the heat treatment of the Fe–Cr–Ni system in
duced the carbide and/or nitride precipitates. It is well re
ognized that these fine precipitates can interact with the
main walls and limit their movement, thereby increasi
coercivity.

C. Magnetic field images

Figure 10 shows the magnetic field image of the sam
1 ~rolled sample! obtained by the SQUID microscope. No
that the remanent field increases along the deformation
dient, which is in agreement with the results from the opti
microscope and VSM measurements presented above
large peak is observed at one end (x512.7 mm) of the im-
age. In general, the local demagnetization factor is low at
edges and high at the center. Since only the free edge h
substantial martensite content, it will become highly mag
tized due to the higher effective field~the applied field—the
demagnetizing field! during the magnetization process.
will then have a higher remanent field than a compara
microstructure at the center of the specimen. On the o
hand, the opposite edge (x50) has a low martensite and
high austenite content and will not show a high reman
field. The other possibility of the large peak is that the
regular geometry of the free edge produces a large effec
magnetization. At the end of the rolled samples, there is
ways a concavity in the through-thickness profile. If a th
region is then exposed, the demagnetizing factor is lower
produces a larger magnetization at the region.

The presence of this large magnetization can create
oppositely oriented, compensating field in the neighbor
regions, resulting in the double peak seen in Fig. 10. T
oppositely oriented field cancels the field due to the def
mation gradient near the large edge peak. Away from
edge peak, there is a gradual decrease in the vertical com
nent of the remanent magnetization going down the de
mation gradient. This suggests that SQUID microscopy

ed

FIG. 10. Magnetic field image from sample 1.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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become a valuable technique that measures material pro
ties associated with the martensitic transformation. This
croscope may have potential applications not only in det
ing phase transformation but also in examining the defe
structures of the materials.

Figure 11 shows the magnetic field image of sample
~heat-treated sample! obtained by the SQUID microscope
As can be seen, the remanent field decreases along the
perature gradient, which is in agreement with the res
from the optical microscope and VSM measurements p
sented above.

We are currently investigating the relationship betwe
the changes in physical metallurgy of steel due to ther
aging and mechanical stress and the accompanying cha
in remanent magnetization. This may lead to the determ
tion of the structural integrity of steel by a simple and no
destructive measurement of its remanent magnetization
the SQUID microscope.

V. SUMMARY

The magnetic FGMs were fabricated by a nonunifo
mechanical deformation or an inhomogeneous heat treatm

FIG. 11. Magnetic field image from sample A.
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of the Fe–Cr–Ni alloy. The magnetic characteristics we
examined by the VSM technique and a SQUID microsco
The SQUID images were in agreement with the results fr
the VSM measurements and microstructural analysis. T
work suggests that a simple SQUID measurement may
come an effective method for the NDE of ferromagne
steels by correlating the remanent magnetization image
the microstructural characteristics.
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