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Standard Test Methods for
Rating and Classifying Inclusions in Steel Using the
Scanning Electron Microscope

This standard is issued under the fixed designation E 2142; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope E 766 Practice for Calibrating the Magnification of a Scan-

1.1 This test method covers procedures to obtain particle _Ning Electron Microscope _ _
size distribution, chemical classification, and E 45 ratings of E 768 Practice for Preparing and Evaluating Specimens for
inclusions in steels using an automated scanning electron Automated Inclusion Analysis of Stéel _ .
microscope (SEM) with X-ray analysis and automatic image E 1122 Pracnce for Obtaining Inclusion Ratings Using
analysis capabilities. Automatic Image Analys’s _

1.2 There are three discrete methods described. Method 1 is E 1245 Practice for Determining the Inclusion or Second-
the SEM analog of E 1122, which uses image analysis and light Phase Constituent Content of Metals by Automatic Image
microscopy to produce automated E 45 ratings. Method 2 Analysis o . _
produces similar ratings based predominantly on sorting inclu- E 1508 Guide for Quantitative Analysis by Energy Disper-
sions by chemistry into the traditional classes defined in E 45. SIV€ A_naly5|§
Method 3 is recommended when explicit detail is needed on 2-2 Adjuncts:
particular inclusion types, not necessarily defined in E 45, such ANSI/IEEE STD 759 IEEE Standard Test Procedure for
as to verify the composition of inclusions in inclusion- Semiconductor X-Ray Energy Spectrometers

engineered steel. Method 3 reports stereological parametess Terminology

such as volume or number fraction, rather than E 45 type o L . .

ratings. 3.1 Def|n|t|0ns—For definitions of terms used in this test
1.3 This test method deals only with the recommended tedhethod, see Terminology E 7. _ _

methods and nothing in it should be construed as defining or 3-2 Definitions of Terms Specific to This Standard:

establishing limits of acceptability for any grade of steel or 3-2:1 Analysis Rules- , o
other alloy where the method is appropriate. 3.2.1.1 acquisition analysis rules-include the criteria to

1.4 The values stated in S| units are to be regarded as tfjgrminate X-ray collection (counts or time, or both), the list of

standard. Values in parentheses are conversions and are &ments to be analyzed, the number of fields or particles to be
proximate, and for information only. analyzed, morphologies of particles from which spectra will be

1.5 This standard does not purport to address all of thecollected, etc. (see Appendix X1 for a more complete listing of

safety concerns, if any, associated with its use. It is thdYPic@l Acquisition Rules). _ . _
responsibility of the user of this standard to establish appro- 3-2-1.2 post-acquisition analysis rulesdefine ratios of

priate safety and health practices and determine the applicaX-ray intensities or elemental compositions required to identify
bility of regulatory limitations prior to use. an inclusion as belonging to a particular chemical classification

and, for Methods 1 and 2 herein, define the main inclusion

2. Referenced Documents class (A, B, or C) to which each chemical classification
2.1 ASTM Standards: belongs. o _ N
E 3 Practice for Preparation of Metallographic Specirdens 3-2-2 chemical classificatior-defined compositional cat-
E 7 Terminology Relating to Metallography egories in which inclusions are placed according to the analysis
E 45 Test Methods for Determining the Inclusion Content'Ules. Categories may be broad (e.g., sulfide, aluminate,
of Stee? silicate) or more precise (e.g., calcium sulfide, calcium silicate,

anorthite, etc.).

1 These test methods are under the jurisdiction of ASTM Committee E04 on

Metallography and are the direct responsibility of Subcommittee E04.11 on X-Ray

and Electron Metallogrpahy jointly with E04.09 on Steel Inclusions. -
Current edition approved April 10, 2001. Published June 2001. 3 This standard is available from The Institute of Electrical and Electronics
2 Annual Book of ASTM Standardgol 03.01. Engineers, Inc., 345 East 47th Street, New York, NY 10017.
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3.2.3 critical aspect ratie—the aspect ratio of a single are non-deformable oxides (typically alumina), and Type C
inclusion that defines the boundary between “globular’” andnclusions are deformable oxides (typically silicates). Each
“elongated”. defined chemical class is assigned to one of these categories.

3.2.4 discontinuous stringertwo or more Type C or three Once classifications are made based on chemistry, the globular
or more Type B inclusions aligned in a plane parallel to the hoparticles from each classification, or from designated classifi-
working axis and offset from the stringer centerline by no morecations, can be re-classified as Type D inclusions. With regard
than 15 pm (.0006 in), with a separation of < 40 um (.0016 in.}o morphology, Method 2 differs from Method 1 in that uses a
between any two nearest neighbor inclusions. critical AR of 3 rather than 5. E 45-equivalent ratings are

3.2.5 stringer—an individual oxide inclusion that is highly determined and recorded, and reported particles are usually
elongated in the deformation direction; or two or more Type CJimited to those= 2 um in size (see 12.7.1).
or three or more Type B, inclusions aligned in a plane parallel 4.3.3 Method 3 allows inclusions to be analyzed and re-
to the hot working axis and offset (from the stringer centerline)ported in a manner individualized to the material and applica-
by no more than 15 pm (.0006 in.), with a separation of < 4Qion of interest. It allows complete freedom in formulating
pm (.0016 in.) between any two nearest neighbor inclusions.chemical classes. Aspect ratio definitions can be chosen appro-
priately for the application. Termination of the analysis can be
4. Summary of Test Method based on detecting a certain number of inclusions rather than

4.1 A properly prepared as-polished metallographic specisample area. Size and morphology distributions of all inclu-
men is mounted in a computer-controlled SEM equipped withsions by chemical class are determined. Indirect terminology
image analysis and X-ray analysis subsystems such thguch as “Type A, B, C and D” and “thin” and “heavy” is not
inclusions intersecting the plane of polish can be imaged andsed; rather, inclusions are classified directly by chemical class
analyzed. and size range of interest. Particles may be further subdivided

4.2 During analysis, an inclusion is detected by its grayby morphology. Method 3, as in Practice E 1245, reports basic
level in the back-scattered electron signal. Once detected, Si@ereological parameters, such as volume and number fractions
parameters of the inclusion are automatically determined angf inclusions within each field, as well the maximum Feret's
its X-ray spectrum collected. Particle morphology, chemistrydiameter for each inclusion. This method would be used for
and location are stored in the computer, allowing re-custom analyses, such to report all non-sulfide particles by
examination of the data or the particle itself. In this manner, ahickness, as may be useful in tire cord applications.
complete or partial size distribution of inclusions by chemical o
class can be determined. 5. Significance and Use

4.3 There are three methods described (see Fig. 1): 5.1 This test method is established to cover automated

4.3.1 Method 1 is most similar to Practice E 1122 whichSEM/EDX-based procedures for:
uses light microscopy, and is intended to be its SEM analog. As 5.1.1 Rating the inclusion content of steels based on proce-
such, it uses morphology as the primary basis for sortinglures listed in Standards E 45, E 1122 and E 1245, with the
particles into classes. As in E 1122, a critical aspect ratio of Significant difference that the composition of the individual
is defined. Chemistry is used to identify sulfide inclusions andnclusions, as determined by X-ray analysis, is utilized to sort
to discriminate among sulfides when more than one type ithem into chemical classes.
present, as well as to ensure that exogenous inclusions and5.1.2 Determining the number, size and morphological dis-
surface scratches and debris are not included in the ratingsibution of inclusions in steels sorted by chemical class.
Inclusions will be classified into four categories, Types A, B, C 5.2 Methods 1 and 2 of this test method are primarily
and D as described in Standards E 45 and E 1122. Elongatéctended for rating the inclusion content of steels deoxidized
sulfides are Type A. Other inclusions are oxides and arevith silicon or aluminum, both silicon and aluminum, or
classified as Types B, C or D, depending on their morphologyyacuum-treated steels without either silicon or aluminum
as follows: discontinuous stringers of three or more inclusiongdditions. Guidelines are provided to rate inclusions in steel
with member particles having low aspect ratio are Type Bitreated with rare earth additions or calcium-bearing compounds
discontinuous stringers of two or more inclusions with membei(sections 12.8 and 13.4). When such steels are evaluated, the
particles having high aspect ratio and single elongated oxideest report should describe the nature of the inclusions rated
inclusions are Type C; remaining isolated inclusions are Typeaccording to each inclusion category (A, B, C, D).

D. The categories will be further subdivided as thin, heavy and 5.3 Methods 1 and 2 will provide a quantitative rating of the
oversized, according to their width (as described in 12.7 anéhclusion content in half-severity number increments from 0 to
tabulated in Table 1). E 45-equivalent ratings are determine8 for each inclusion type and thickness (Method D of Test
and recorded, and reported particles are usually limited to thoddethod E 45), as described in 12.10 and in tabulated in Table
= 2 um in size (see 12.7.1). 2. E 45 ratings by SEM may differ from those determined

4.3.2 The inclusion classification strategy in Method 2 isfollowing E 1122 because of the use of chemistry in the
based predominantly on chemistry, but uses morphology wheclassifications, and, in the case of Method 2, because of the use
necessary, such as to classify Type D (globular) inclusions andf a smaller critical AR (see 11.14). In order to differentiate
to compute severity ratings for Type B and C inclusions (whichE 45 ratings obtained using the SEM from traditional ratings
require determination of stringer lengths). Method 2 is basedising light microscopy, the ratings obtained using Method 1 or
on the underlying intention of Test Method E 45, namely, that2 of this Test Method shall be identified as E 45-SEM1 and
Type A inclusions are deformable sulfides, Type B inclusionsE 45-SEM2, respectively.
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Method 1
E45-SEM1
E 1122 analog

Type C

Type D Type Dsulfide
TYpe A TYpeB Any (giobulars) Globular sulfides
manganese Discontinuous elongated |solated !
sulfides; cther oxide oxide or ide with AR < 5
sulfides with stringers with oxide stringer inclusions
AR>5 AR <5 with AR >5 with AR < 5

Globular sulfides

Method 2
E45-SEM2
chemistry-based

Type C Type D Type Dsulfide

Type A Type B

h Silicates (globulars) Globular sulfides
manganese Aluminates !
sulfides; cther or other non- d ofr othet; Is;i%:d with AR < 3
sulfides with deformable etormable | oxia
oxides inclusions

AR>3 oxides

T H O T H O T H O T H O

Y Y
sum globular oxides

v
Globulars sulfides

) )
Determine stringers and compute stringer lengths for Type B and C severity ratings

Method 3
Custom

Chemical
class n

Chemical
class 1

Volume fraction
Number fraction
Avg Feret's diameter,

FIG. 1 lllustration of Classification Methods

5.4 Method 3 defines procedures to analyze and repoxations. It may be made applicable to any material by appro-
inclusions by arbitrary size distribution and chemical classifi-priate choice of these classifications.
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TABLE 1 Inclusion Width Parameters

Thin Heavy Oversize
Inclusion Minimum Maximum Minimum Maximum Minimum
Type Width (um) Width (um) Width (um) Width (um) Width (1m)
A =2 4 >4 12 >12
B =2 9 >9 15 >15
c =2 5 >5 12 >12
D =2 8 >8 13 >13
TABLE 2 Minimum Values for Inclusion Severity Rating Levels 6.1.5 Control and Image Collection Softwar@® control the
for Measurements in Micrometers (For expression in other units, beam and stage and to collect images and spectra according to
see E 1122, Table 2) -
— user-specified parameters.
Test Method E 45 Rating Limits (um at 1 or count) 6.2 Automated Feature-Analysis Softwacapable of:

Severity A B c D 6.2.1 Allowing analysis rules to be set such that chemical
0.5 37.0 17.2 17.8 1 classifications can be made and features sorted according to
1-2 ;gz-g 1;2-2 1;2-8 j chemistry as well as size and morphology.

20 4361 3427 3205 9 6.2.2 Distinguishing between elongated and globular par-
25 649.0 554.7 510.3 16 ticles based on aspect ratio.

30 o0 el o > 6.2.3 Separating the stringered oxides according to the
40 1498.0 1530.0 1359.0 29 difference in morphology (Type B or C) and measuring the

45 1898.0 1973.0 1737.0 81 stringer lengths per field of each type.

5.0 2230.0 2476.0 2163.0 100

6.2.4 Connecting stringers which cross field boundaries.
6.2.5 Generating standardized reports.

6.3 Special ConsideratiorsThe environment housing the
guipment must be controlled. Computer equipment, SEMs
nd EDX systems all require control of temperature and
umidity and the air must be relatively dust free.

5.4.1 Method 3 determines and reports basic (as used in Tek
Method E 1245) stereological measurements (for exampl
volume fraction of sulfides and oxides, the number of sulfide
or oxides per square millimeter, and so forth). This test metho Samplin
however, does not address the measurement of such pararri- P g- ) ) ) o
eters. E 45 ratings are not produced in Method 3 because the7-1 Sampling is done in accordance with the guidelines
inclusion classifications do not follow those defined in Testdiven in Test Method E 45.

Method E 45 and Practice E 1122. )

5.5 The quantitative results are intended to provide a deB- Test Specimens
scription of the types and amounts of inclusions in a heat of 8.1 The location and orientation of test specimens shall be
steel. This test method contains no guidelines for such use. as described in Test Method E 45. In all cases, the polished

surface shall be parallel to the hot-working axis. Studies have

6. Apparatus demonstrated that inclusion length measurements are signifi-
6.1 An automated computer-controlled Scanning Electrorfantly affected if the plane of polish is angled more than 6

Microscope equipped with the following accessories: degrees from the longitudinal hot-working direction. Test
6.1.1 Digital Imaging hardware and software. specimens should not be cut from areas influenced by shearing

6.1.2 Computer-Controlled Motorized X-Y Stadgis con- which alters the true orientation of the inclusions.
ceivable that the method described in this standard may be 8.2 The surface to be polished must be at least 160
performed without an automated stage. Performing this methofiM(0.25 irf) in area. It is recommended that a significantly
with a manual stage will be tedious, and accuracy will suffedarge area should be obtained so that the measurement may be
due to difficulty in tracking inclusions across field boundaries.made within the defined area away from the edges of the
Therefore, an automated stage, although not essential, is highfample.
recommended and is assumed throughout this document. ) )

6.1.3 Energy Dispersive X-Ray (EDX) Analyzex “light 9. Specimen Preparation
element detector” (one equipped with a sufficiently thin win- 9.1 Metallographic specimen preparation must be carefully
dow to effectively transmit the low energy X rays characteristiccontrolled to produce acceptable quality surfaces for image
of the elements below sodium) is required if oxygen is to beanalysis. Guidelines and recommendations are given in
discretely measured, or if analysis of carbides, borides, oMethod E 3 and Standards E 45 and E 768.
nitrides is to be included. The EDX detector must have 9.2 Polishing must reveal the inclusions without interfer-
resolution better than 155 eV as measured in accordance wiénce from artifacts, foreign matter, or scratches, although the
ANSI/IEEE STD 759. use of chemistry will minimize the errors associated with these

6.1.4 Backscattered Electron Detect@nd electronics with  features. Polishing must not alter the true appearance of the
ability to set one or more thresholds to enable discriminatiorinclusions by excessive relief, pitting, and pull-out. Use of
between inclusions and matrix. automatic grinding and polishing devices is recommended.
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9.3 Inclusion retention is generally easier to accomplish irmay be used as the basis of current setting in place of the tape,
specimens that are hardened rather than in annealed conditidsut this will likely result in the least consistent setting of the
If inclusion retention is inadequate in annealed specimens, theyescribed methods.
should be subjected to a standard heat treatment cycle using all1.6 Select the BSE imaging mode, which is used because
relatively low tempering temperature. After heat treatment, théhe brightness of a feature in the BSE image is directly related
specimen must be descaled and the longitudinal plane must be its average atomic number. The matrix, which consists
reground below any decarburization. This recommendatiomprimarily of iron, will be brighter than some inclusions (e.g.,

only applies to heat-treatable steel grades. MnS) and darker than other inclusions (e.g., Pb). Since
9.4 Mounting of specimens is not required if unmountedinclusions are discriminated by the BSE gray level, the

specimens can be properly polished. threshold(s) must be set appropriately using the procedure
9.5 Polishing practice should follow Practice E 768. recommended by the manufacturer.

i i o 11.7 Select and store the region of the sample to be
10. Calibration and Standardization examined following the stage control manufacturer's recom-
10.1 The SEM magnification should be calibrated accordingnended procedure. The region can be larger than but not
to E 766. It is important to calibrate the magnification of thesmaller than 160 mf if the sample region is larger, then the
SEM to obtain accurate E 45 ratings and to ensure that analysisftware shall select a contiguous area of exactly 1607 mm
time is minimized. The number of particles of a given sizewholly contained within the user-selected region to analyze. In
increases strongly as size decreases; if particles below thdethod 3 of this Test Method, analysis can be based on the
desired low size limit are included due to magnification error,number of inclusions detected rather than sample area.
the number of spectra collected, and therefore the total analysis 11.8 As the beam rasters the selected region, the software

time, will increase significantly. recognizes features that fall within the previously defined range
10.2 The EDX energy calibration should be done accordingf gray-levels. Morphological and chemical parameters are
to section 8.1 of E 1508. immediately calculated and stored or, alternatively, raw data is

10.3 The EDX energy resolution should be checked peristored for off-line processing.
odically. The energy resolution, defined as the Full Width at 11.8.1 In Test Method E 45 inclusions are examined using
Half Maximum (FWHM) height of the Mn I& X-ray line, after  field areas of 0.50 mfand magnifications of 100. The
background has been subtracted, should be measured accoiglusions can be examined and discriminated by type using
ing to the practice suggested by the manufacturer, provided thatagnifications other than 100and field areas other than 0.50
it is in accordance with the IEEE methodology. mn¥ as long as the severity ratings (see Section 12) are based
on the required 0.50 mffield area.
11. Procedure 11.9 Define the Analysis Rules

11.1 Prepare specimens following the standard protocol set 11.9.1 The EDX acquisition should continue until sufficient
forth in Practice E 768. At this time, a small piece of aluminumstatistics are accumulated to classify the inclusion. For a
tape or other reference material may be placed on the edge @fscussion on X-ray counting and chemical classification
the sample. The tape may later be used as a target in order $gatistics, see Appendix X2 and standard text bdoR&ie
determine the proper setting of the electron probe current or tthinimum number of counts in a peak necessary for peak

check its stg_bility. _ _ _ identification must be entered.
11.2 Position the sample in the SEM at a working distance 11.9.2 Define the relevant chemical classes and their analy-
that is suitable for both BSE and EDX. sis rules. In Method 2, for example, at least three chemical

11.3 Set the beam accelerating voltage appropriately for thelasses are defined: sulfides, aluminates, and silicates. Addi-
elemental range of interest, bearing in mind that excessivgonal classes may be defined, depending on the application.
voltage will give rise to an (unwanted) increase in matrixFor example, a “calcium silicate” class may be defined and
contribution to the spectrum. Use of 10-15 kV is typical,included as Type B, as such inclusions appear similar to and
although slightly lower or higher voltages may be appropriatthave the same detrimental effects as traditional Type B
depending on the particular application. Use the microscopgclusions. Each chemical class and the main inclusion class to
manufacturer’s procedures for saturating the filament, aligningvhich it is assigned should be reported.
the column and setting other parameters to optimize image 11.9.3 Define the measure of intensity in the X-ray spectrum
quality. which must be met in order to identify the particle as belonging

11.4 Calibrate the X-ray analyzer such that the collectedo a certain classification. Each class should be defined in terms
spectrum will include all the elements of interest; 0-10 keV isof one or more of the following:1) peak intensity range 2}
recommended. If there are X rays of interest above 10 ke\peak to background ratio3) peak intensity ratios4) elemen-
(such as Pb L lines), use 0-20 keV. tal percentage as calculated by established methodsS)or (

11.5 Set electron probe current by direct measurement usingther chemical measurement(s) that characterizes a specific
a pico-ammeter and Faraday cup, if the optimum probe currerype of inclusion. This choice is either narrowed or made by the
has previously been determined. Alternatively, the current cagystem or software manufacturer.
be set by moving the aluminum tape under the beam and
recording X-ray counts. Probe current (or “spot size”, which is

propornonal_to pTObe Cl_Jrren.t) IS a—_dJUSted until approx'm?‘tely “ Goldstein, et alScanning Electron Microscopy and X-Ray Microanalygisd
40 % dead time, if possible, is achieved. The steel matrix itseléd, Plenum Publishing Corporation, New York, NY, 1992, pp 493-505.
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11.10 Set the relevant imaging parameters such as the.g., 1000) or when a specified area of the sample has been
magpnification(s) to be used, the minimum and maximumexamined (e.g., 160 mf)) whichever occurs first. The use of
particle sizes to be recorded, and the critical aspect ratithis two-criteria approach to terminate analysis will ensure that
defining an elongated inclusion (see 11.14). Appendix Xlsteels with low inclusion content will be examined over a
provides a more complete list of analysis rules. representative area, and that a meaningful number of inclusions

11.10.1 For the selected magnification, digital imaging resowill be classified in more typical products in a reasonable
lution should be chosen such that there are an adequate numignount of time.
of pixels in each inclusion for the computer program to
accurately make measurements. In order to dede@ pum
particle, the step size of the electron probe, which is in fact the
pixel size, must be at most 2 um. If a 256 256 image is . } ,
displayed on a 10 cm screen, the field of view is 512 pm wide, 12.1 Method 1 is the SEM analog to the light-microscopy-
and the magnification is 195.8 (magnification = 10/0.0512). based E 1122, using the same inclusion classifications and
However, to accurately measure the sif@@ pmparticle to morphol_oglcal definitions. The primary (_j|fference in th|s_
within, say, 10%, a step size of 0.2 um would be dictated,meth_oq |s.that the spgctrum from afgature_|s used t_o determine
corresponding to a magnification of 1983 Depending upon tha_lt it is in fact an_lnclusmn, to d|ﬁerent|§te sullfldes from
the inclusion analysis software, such pixel size and magnifica@Xides, and to classify complex or unusual inclusions.
tion may be selected automatically, based on the minimum 12.2 The mclgsmns_ are classme_d into four cate_gorles, A
inclusion size of interest input by the user. In the examplethrOUQh D. If an inclusion is determined t_o_be a sulfide based
given, a magnification of 195:3 could be used to search for ON the analysis rules, and it has an AR5, it is rated as Type
inclusions; once detected, the magnification is automaticallf® “Sulfides” are often manganese sulfides, which are usually
increased to 1958 to measure the inclusion dimensions. Thetound as elongated particles. It is possible, however, that
inclusion analysis software must include this or an equivalen@lobular sulfides will also be present (AR < 5). These typically

analysis strategy to provide the required accuracy. will be other than simple manganese sulfides, and must be

11.11 Start the analysis, which will run unattended in a_classified as Type Qige 1O differen_tiate them from Type D
completely automated systém inclusions, which are defined as oxides. The subscript selected

11.12 Ratings similar to E 45 ratings will be determinedmay be more specifically chosen for the chemical class to

. o ) which the inclusion belongs (e.g..39.
autom_atlcally within M_et_hods L and 2 of this Test Me_thod. 12.3 Discontinuous stringers consisting of three or more
Inclusions will be classified according to type (or chemlstry),round or angular oxide particles with aspect ratos are Type
morphology and thickness. Since ratings using light micros;
copy may differ from those using the SEM, ratings resulting

from application of this Test Method shall be called E 45-

12. Classification of Inclusions and Calculation of
Severities: Method 1: the SEM analog to E 1122,
based on Morphology, Chemistry and Thickness

12.4 Elongated oxide particles will be classified as Type C
: . i ._inclusions; these may appear as individual particles, but more
SEM1, if method 1 is used, and E 45-SEM2, if method 2 Soften will appear as discontinuous stringers that consist of only
used. . a few highly elongated oxides with smooth surfaces aligned

11.13 The acquired raw data should be saved, unaltered by, ajie| 1o the deformation axis. Aspect ratios of the stringer
the application of any analysis software. The raw data can thegembers are high, generallz 5. Type C inclusions are
be used at a later tl_me_for re-classification of the '”C|U3'°”§Jenerally silicates, but any elongated oxide inclusion (with
based on different criteria. aspect ratic= 5) will be classified as Type C.

11.14 A critical parameter in the morphological character- 12.5 Globular oxides are classified as Type D. Any oxides
ization of an inclusion is the Aspect Ratio (AR), at or abovethat have aspect ratios < 5, and are not pé@ & or C-type
which an inclusion is considered elongated. In Practice E 112%tringer, are rated as D-types. No other shape restriction is
which relies on morphology to distinguish oxide types, aapplicable.
relatively high AR of 5 is used in order to more reliably 126 The alignment of Type A, B and C inclusions in
differentiate silicates, which are generally highly elongatedwwrought specimens typically will not deviate by more than
from aluminates, which are less elongated. In this Test Method+20° from the longitudinal direction. In Practice E 1122,
the X-ray spectrum from the inclusion is directly obtained andelongated features whose orientations deviate from the longi-
will serve to differentiate aluminates from silicates, reducingtudinal direction by more than this 20° limit are rejected from
the dependence on morphology. Therefore, a less stringent amige count and assumed to be artifacts (such as deep scratches
more intuitive test of elongation, namely that a particle has amot removed during polishing). In this Test Method the same
AR = 3, can be applied. For consistency with E 1122 restriction is applied, but the X-ray spectrum from the feature
however, Method 1, which is the SEM analog of E 1122, will will typically eliminate such artifacts, even if they fall within
retain the use of 5 as the critical AR. In Method 2, used forthe 20° limit, and prevent them from being misidentified as
“chemistry-based” E 45 ratings, and Method 3, used forlinclusions.
custom analyses, a critical AR of 3 is suggested. Inclusion 12.7 All inclusions are further subdivided based on their
analysis software must allow the critical AR to be selectable aghickness, following Test Method E 45.
an Analysis Rule, with default settings as described above.  12.7.1 After the inclusions are categorized by type, they

11.15 In Method 3, the analysis will automatically terminatemust be categorized as thin or heavy by their thickness or
when a minimum number of inclusions has been classifiedliameter, as shown in Table 1 (Table 2 on Inclusion Width



A E 2142 — 01
“afl

Parameters, (Method D) in Test Method E 45). Determine the 12.9 Complex inclusions, such as oxysulfides or duplex
average thickness or maximum diameter of each inclusiorinclusions, are also rated according to their morphology and
Inclusions thinner than 2 um in width are not rated, that is, theichemistry. Morphologically, they are rated as stringers or
lengths are not included in subsequent calculations of inclusioslongated particles (for aspect raties5) or globular (not part
severities. If the width of an A inclusiony@ B or Cstringer, of a stringer and aspect ratio < 5); and then by thickness.
is > 2 umover any part of its length, it should be counted andisolated globular particles are rated as D-types by their average
sized within the limits of the instrumentation. For specimens ofthickness. Complex D-Types may be predominantly (>50% by
wrought products with high degrees of reduction, where thearea) sulfides or oxides and should be identified as such. For
majority of inclusions a& < 2 pmthick, based on producer- example, if the oxide area is greater in a globular oxysulfide, it
purchaser agreement, the minimum thickness of the thin seriesuld be called a Bs type. Stringered complex particles are
can be set at a lower value, such as 0.5 pm, or the lower limitated by the aspect ratio of the individual particles: if < 5, they
can be dropped. Detection of these thinner inclusions willare B-types, it= 5, they are either A-types (sulfides) or C-types
require use of a higher magnification with the resultant field(silicates), as determined by the X-Ray data. Isolated complex
size less than 0.50 nfiyrequiring the combination of field data inclusions with aspect ratios 5 are classified as A-types if

as described in 11.8.1 to obtain valid ratings. more than 50% of the area is sulfide and as C-types if more

12.7.2 Type A sulfides with average widths between 2 and 4han 50% of the area is silicate. Define the chemical class to
pm are classified as thin, thms> 4 up to 12 pmwide are  avoid confusion, and state the nature of the inclusions, for
classified as heavy, while those > 12 um in width are oversizedxample, “globular calcium aluminates encapsulated with a
and classified separately. thin film of calcium-manganese sulfide”, or “irregular alumi-

12.7.3 The individual inclusions within each B-type stringer nates partially or fully embedded in manganese sulfide string-
are categorized as thin (2 to 9 um in width), heavy (> 9 to 1%ers”.
pm), or oversized (> 15 pm in width). The lengths of the thin, 12.10 After classification by type and thickness, the severity
heavy, and oversized particles in the stringer are summed Hgvels are determined for inclusions within the contiguous 0.50
type. Whichever type is = 50% of the total length of the mn? test areas based upon the total Type A sulfide lengths per
particles in the stringer determines whether the stringer is ratefield, the total Type B or C stringer lengths per field, and the
as thin, heavy, or oversized (the latter are reported separatelyjumber of isolated D-type inclusions per field. Severities are

12.7.4 The individual inclusions in C-type stringers arecalculated based on the limits given in Table 2. Note that these
treated in the same manner as described in 12.6.3, except th&lues are the minimum length or number for each class. In
thin inclusions are 2 to 5 um in width, heavy inclusions are >general, severity values (calculated using the equations in
5 to 12 um in width, and the oversized inclusions are > 12 pmfable 2) are rounded downward to the nearest whole or half
in width. Oversized C-types are reported separately. unit (finer increments can be used to provide improved

12.7.5 The D-type inclusions are classified as thin (2 to gliscrimination for steels with very low inclusion contents).
um in width), heavy (> 8 to 13 um in width), and oversized 12.10.1 Severity values are also determined for inclusions
(>13 pum in width) based on their maximum diameter. D-type<classified as oversized according to their width. Additionally,
have aspect rat®< 5 (in Method 1) and are not part of a however, the lengths of oversized Type A sulfides and over-
stringer. There is no shape requirement for D-types other thasized Type B or C stringers, and the number of the oversized
the maximum aspect ratio. Oversized D-types are reportedype D inclusions are reported separately, along with their
separately. width or diameter.

12.7.6 Globular oxides located at the tips of elongated Type 12.10.2 If the length of the individual Type A sulfide
A sulfides, unless they are close enough together to meet thiclusion, or the length of an individual Type B or C stringer,
requirements of a B-type stringer (and there are three or moreig greater than the standard 0.50 frireld width (707 pm), it
are rated as D-types. should be measured if the software allows inclusions or

12.8 The indigenous inclusions in steels deoxidized withstringers to be tracked across contiguous fields. The total
rare earth elements or treated with calcium-containing materiength (and width category) is reported separately as an
als are also classified according to morphology and thickneséVversized (by length) inclusion or stringer (that is, report the
with the added requirement that appropriate chemical classd¥pe, its width [thin or heavy], and its length). That portion of
be defined, and inclusions within these classes be tabulated {Re oversized inclusion or stringer within each field is also
the report. For example, rare earth and calcium-modifiedncluded in the field severity determination.
sulfides with aspect rati = 5 are classified as Type A  12.11 Calculation of the severity number for Type A inclu-
inclusions, with subcategories according to the width limits ofsions is based on a log-log plot of the data in Table 2 (Table 2
Table 1. Similarly, particles having aspect ratio 5 which are  on Minimum Values for Inclusion Severity Rating Numbers
not part of a stringer, are classed as typg,/Pwith the (MethodsAand D) of Test Method E 1122). Such a plot reveals
subscript being indicative of the chemical class to which ita linear relationship between the severity numbers and the
belongs (e.g., B,sor simply D.rqd. Separate ratings using minimum total sulfide length per 0.50 minfield for each
the rating rules for Type D inclusions may be generated foseverity level. A plot for Type A inclusions, with lengths
each of the Q,, classes. All special chemical classes assigne@xpressed in micrometers, is shown in Fig. 2. A least-squares fit
to the main A-D inclusion classifications should be identified into the data in Table 2 has been used to produce the relationships
the report. expressed in Table 3, which can be used to calculate the
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E 45/1122 Ratings is rated and the severities are computed, the appropriate array
Type A (Thin, Heavy or Oversize) locations are incremented to store the results.
LogiSev.) = 0.561739Log(A) — 1. 18177 12.15 If producer-purchaser agreements limit the analysis to

only certain inclusion types, thickness categories, or severity
limits, the scheme in 12.14 can be modified to analyze,
L measure, and store only the data of interest.

1300 L 12.16 For quantitative inclusion description, blank fields
(that is, those that contain no visible inclusions for a particular
type and width) may be differentiated from non-ratable fields
(that is, fields with inclusios < 2 pm inwidth, or with
inclusion lengths or stringer lengths below the minimum limit

00 e for 0.5 severity).

Lemngth,wm at 1X

13. Classification of Inclusions and Calculation of
Severities: Method 2, based on Chemistry,
Morphology and Thickness

e 13.1 The underlying intent of the classification strategy used
. : s B in Test Method E 45 and its usual interpretation is that

Severily deformable sulfides, typically manganese sulfides, are Type A,
FIG. 2 Relationship Between Severity and the Minimum Total non-deformable oxides, typically alumina, are Type B, and
Sulfide Length deformable oxides, typically silicates, are Type C. The mor-

phology developed by an inclusion after processing is a result

TABLE 3 Regression Equations for Severity Rating Calculations of its deformability. If the deformability of an inclusion type is

(For um at 1 X or count as tabulated |n_TabIe 2. See E 1122, Table known, there is no need to rely on its morphology after
3, for other units) deformation to classify it. Method 2 of this Test Method, using

appropriately defined analysis rules, sorts detected inclusions

Length in pm at 100X or count per field

5 tﬁg@i N {gigiéiﬁtigi‘a‘ﬁ;gggy into chemical classes and then into the appropriate inclusion
c Log(Sev) - [0j479731Log(C)] —0.90105 class, based on known deformability characteristics.
D Log(Sev) = [0.5Log(D)] — 0.30102 13.1.1 Chemical classifications are defined to cover the

inclusion types of interest, and then each chemical class is
assigned to one of the main inclusion classes: Type A (deform-
able sulfides), Type B (non-deformable oxides), and Type C
severity of each type of inclusion, whether thin, heavy or(deformable oxides).
oversize. The antilog is determined and rounded down to the 13.1.2 If discriminating sulfide types is unimportant in a
nearest half-severity level. given applicatinon, then Type A can be defined more generally
12.12 Calculation of the severity numbers for type B and Cas simply “sulfides”.
inclusions is done in the same manner as for the Type A 13.2 In some cases, the A, B and C classifications may be
inclusions. B and C severities are based on the total stringeufficient. Typically, however, knowledge of the isolated inclu-
length per field. The severities for B- and C-type inclusions ar&ion content is also of interest. In these applications, a Type D
calculated using the least-squares fit equations given in Table glassification is established for globular oxides and, if appro-
These equations are based upon the data in Table 2. The antilpgate, a Type D,qe Classification for globular sulfides. Type
is computed and rounded down to the nearest half-severitp and Type Q4. Classes are populated by removing the
level. globular inclusions from Type B and C (oxide) and Type A
12.13 Calculation of the severity numbers for D-type par-(sulfide) classes and restating them as Type D aggqf
ticles is done in the same manner as for Types A, B and Cespectively.
inclusions, except that the criterion is the number of particles 13.2.1 It may be appropriate in some applications to retain
rather than their length. The severity of the D-type oxides ighe globular particles from certain designated chemical classes
calculated using the least-squares fit equations listed in Table & the original main inclusion category, rather than restating it
which are based on the data in Table 2. The antilog is computesls a D-type. For example, if an alumina inclusion is found, but
and rounded down to the nearest half-severity level. is not present as a stringer, it may still be appropriate to classify
12.13.1 Inclusions classified as,[pqe Cannot be rated as it as Type B using this method. Decisions on which classes will
Type D inclusions since Type D inclusions are defined to bée used to form the Type D category should be made according
oxides. Therefore, Type l}qqeinclusions are either ignored or to producer-purchaser agreement.
rated as a separate category, according to producer-purchasef3.3 Method 2 is used to rate inclusion content according to
agreements. direct determination of inclusion type using its chemistry,
12.14 An array is established in the computer memory taather than relying on morphologies developed as a result of
tabulate the number of fields that were rated according to thkot working. The critical aspect ratio can therefore be set to a
thickness limits of the four inclusion types for eleven possiblemore intuitive value of 3, as opposed to the stringent value of
severities from 0 to 5 in half-level increments. After each field5 set in E 1122 (which is necessary to confidently separate



A E 2142 — 01
“afl

Type B and C inclusions by light microscopy). In this meth- 14. Classification of Inclusions: Method 3: Custom

odology, the knowledge of chemistry will clearly separate Type 141 Method 3 is intended to be used when Methods 1 or 2
B aluminates from Type C silicates. Note that Method 1 hereirye not applicable. During automated SEM/EDX inclusion
retains the critical AR of 5, since it is the SEM analog of gnalysis, parameters such as size, shape, chemistry and inclu-

Practice E 1122. . _ sion location are stored. Therefore, these parameters may be
13.3.1 A critical aspect ratio of 3 is also used to separat@ymmarized into any manner that is useful for a given
deformable sulfides from globular sulfides. application, process or specification. Examples of its use

13.3.2 In E1122 as in Method 1 of this Test Method,include the determination of the number and size distribution
isolated inclusions with aspect ratios between 3 and 5 will bef inclusions having a specific composition (such as titanium-
classified as Type D globulars, whereas in Method 2 they wilbearing inclusions in stainless steels); confirming the distribu-
be more appropriately classified as Type C, if they meet théion and composition of inclusions in inclusion-engineered
defined chemical classification criteria. steel; the analysis of inclusions in steel in the as-cast condition;

13.4 The indigenous inclusions in steels deoxidized withand the sorting of inclusion content in unique ways, such as to
rare earth elements or treated with calcium-containing materielassify all non-sulfide particles by thickness, as may be useful
als are treated similarly. Chemical classifications are defineth tire cord applications. Also, specific limits or specifications
for the expected inclusion types (such as Calcium Sulfidefor steel or other alloys may be easily incorporated into this
Calcium Silicate, Anorthite, Spessartite, etc.) and assigned tmethodology for a given application.
the appropriate main inclusion class. 14.2 In Method 3, relevant chemical classifications, size

13.4.1 Calcium sulfide is less deformable than manganes@nges of interest, and morphology classes may be defined for
sulfide. Therefore, it is likely that calcium sulfide inclusions the specific application of interest. Indirect terminology such as
will have AR < 3 and will be re-classified as Type,R4eif  Type A, B, C or D or thin, thick and heavy is not used. Rather
such a category is established. chemical classifications are defined and become the inclusion

13.4.2 In Method 1 of this Test Method, a brittle non- category headings. The size distribution of the inclusions in
deformable oxide inclusion, such as calcium silicate, will likely each category is determined. The minimum size to be included
develop the Type B morphology and will be so classified. Inin the analysis is not defined in this document, but rather is
Method 2, Type B can be defined to include several chemicalletermined appropriately for the application. Higher magnifi-
classifications, all of which are known to be non-deformablecations may be used to determine inclusion populations in
oxides; one such classification could be “calcium silicate”. Insmaller size regimes than is able to be done with optical
both methods, calcium silicate will likely be classified as Typemicroscopy.

B: in Method 1 by virtue of its morphology; and in Method 2, 14.3 The stereological parameters of interest are typically
by virtue of its chemistry. volume fraction, which is equal to area fraction and number per

13.5 Type B and Type C inclusions are subdivided intoUnit area. Ratio parameters such as the average inclusion area
stringers and isolated particles, in order to determine severit9t mean free path are calculated. See Practice E 1245 for
ratings in accordance with 12.10-12.12. Depending upon théefinition and further discussion of these parameters.
application, globular oxides may be removed from their 14.4 There is no rating system suggested for Method 3 in
chemical class and accumulated as Type D (see 13.2), and tHds document, although such rating systems may be devised
severity calculated in accordance with 12.13. As in Method 1and implemented for specific intents and with producer/
categories will be further subdivided as thin, heavy andpurchaser agreement.
oversized, according to their width (as described in 12.7 and
tabulated in Table 1), recorded particles are limited to tliese 15. Test Report
2 pm in width (see 12.7.1), and EA45-SEM2 ratings are 15.1 Pertinent data regarding the identity of the specimen
determined. analyzed should be reported.

13.6 Type A inclusions are usually deformable sulfides 152 For E 45-SEM ratings computed in methods 1 and 2 of
having AR= 3. and globular sulfides will usually be classified this test method, the number of fields of each inclusion type
as Type Qirigdsee 13.1.1 and 13.3.1). If severity ratings are toand thickness category are reported for each severity from 0 to
be determined for Type Ryqe the severity rating procedure 5 in whole or half-severity level increments. For steels with
outlined for Type D in 12.13-12.16 will be followed. very low inclusion contents, severities may be computed to

13.7 Complex inclusions, such as oxysulfides or duplexone-quarter or one-tenth severity level increments. Note that
inclusions, are also rated according to chemistry and thicknesfor D-type inclusions, because one inclusion per field is a
If the inclusion is predominantly (> 50% by area) sulfide, it is severity of 0.5, by definition, there can be no D-severity levels
classified as Type A, if it is predominantly a non-deformablebetween 0 and 0.5. Fig. 3 illustrates a typical report for
oxide such as alumina, it will be classified as Type B; if it is E 45-SEM values as might be produced using Method 1.
predominantly a deformable silicate, it will be classified as 15.3 Modifications to the report may be made, based on
Type C. producer-purchaser agreements. For example, the report may

13.7.1 Complex inclusions with R < 3 may be removed be simplified to include only certain inclusion types, thick-
from their chemical class and re-classified as Type D, if theynesses or severity values. Other modifications may include the
are predominantly oxides, or Type Dsulfide, if they arereporting of worst-field severity ratings only or the number of
predominantly sulfides. fields at the worst-field severity ratings.
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Sample report format

Type A
Histogram of field severity ratings.
Warning: Sample area is less than 160 mm? (320 fields)
Area = 148.5 mm? as 297 fields

Class wWidth, um 0.5 1 1.5 2 2.5 3
Thin 2.0-4.0 118 73 57 24 12 2
Heavy 4.0-12.0 10
Oversize >12.0 1
Type B

Histogram of field severity ratings.
Warning: Sample area is less than 160 mm? (320 fields)
Area = 148.5 mm? as 297 fields

Class Width, pm 0.5 1 1.5 2 2.5 3
Thin 2.0-9.0 22 34 5
Heavy 9.0-15.0
Oversize >15.0
Type C

Histogram of field severity ratings.
Warning: Sample area is less than 160 mm? (320 fields)
Area = 148.5 mm? as 297 fields
Class Width, pm 0.5 1 1.5 2 2.5 3
Thin 2.0-5.0
Heavy 5.0-12.0
Oversize >12.0

Type D
Histogram of field severity ratings.
Warning: Sample area is less than 160 mm? (320 fields)
Area = 148.5 mm? as 297 fields

Class Max. Dia. 0.5 1 1.5 2 2.5 3
Bm
Thin 2.0-8.0 31 75 82 4
Heavy 8.0-13.0 62 12
Oversize >13.0 22 8 1

FIG. 3 E 45-SEM Report - as would be used with Method 1 of this Test Method

15.3.1 The use of contiguously aligned fields may notrecommended by Test Method E 45 (Table 4 on Example of
produce true worst-field (Method 1 of Test Method E 45)Inclusion Rating (Method D)).
ratings. Valid worst-field ratings require more sophisticated 15.3.4 Data for inclusions or stringers that are oversized in
data analysis methods that, for example, automatically reviewither length or width, or both, should be reported separately.
the entire data set, searching for the highest severity rating iReport the width for all inclusions, as well as the length for
any 0.5 mm field, regardless of prior field boundaries. Types A, B, and C.

15.3.2 If desired, by producer-purchaser agreement, an in- 15.3.5 Fields with zero severity levels may be further
dex may be calculated to describe the inclusion content.  classified, if desired, as either blank (no inclusions of a

15.3.3 To produce average results for more than one spegparticular type and width category are present) or non-ratable
men per lot, the average number of fields for each severitfinclusions are present but their length is below the 0.5 severity
rating, inclusion type and thickness may be calculated afmit or their width is <2 um).

10
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Summary of oversized D inclusions

Part no. Max Feret’s X, mm Y, mm
diameter pm

14 17.8 1.442 11.848
128 16.7 3.926 11.680
229 13.8 6.853 11.964
445 22.1 12.246 11.958
677 16.9 17.986 11.990
849 13.8 21.731 11.952
957 15.5 24.110 11.7460
1027 21.6 23.691 10.603
1040 16.2 22.713 10.986
1074 15.0 21.340 10.584
1111 17.2 20.103 11.077
1249 26.5 16.326 10.836
1303 15.1 14.454 10.949
1350 14.6 13.677 10.696
1455 14.7 9.974 10.843
1605 16.6 7.631 10.647
1614 13.1 7.819 10.556
1689 l6.2 5.993 10.972
1741 16.7 4.750 10.752
1752 14.3 4.815 10.537
1935 18.2 3.817 9.620
2084 14.6 8.064 9.823
2107 15.4 8.491 9.492
2112 18.7 9.257 10.129
2158 21.7 10.334 9.951
2225 13.8 13.094 10.228
2325 17.8 14.832 9.529
2360 13.8 16.108 10.123
2471 14.1 19.145 9.531
2675 13.8 23.408 8.953
2682 19.3 23.786 8.815
2704 13.4 22.609 8.988
2713 13.8 21.787 9.341
2728 18.0 22.013 8.996
2747 26.4 21.929 8.815
2805 17.6 19.192 9.348
2812 20.2 19.126 9.241
2823 20.3 19.303 9.172
2834 15.9 18.906 9.058
2840 22.4 18.100 9.302
2855 15.8 17.940 9.049%
2856 14.2 18.204 8.852
2890 13.8 14.486 8.726
2891 15.8 13.899 9.252

FIG. 3 (continued)

15.3.6 For complex or duplex inclusions, report the chemi- 15.4 Since elemental composition data will be available for
cal class and describe their nature, for example, “globulaall inclusions, information pertaining to the composition of the
calcium aluminates encapsulated with a thin film of calcium-inclusions may be reported in Method 1 if desired. For rare
manganese sulfide”, or “irregular aluminates partially or fully earth- or calcium-treated steels, or other steels with non-
embedded in manganese sulfide stringers”. traditional deoxidation approaches, the chemical composition

11



A £ 2142 — 01
“afl

of the inclusions, in general terms, must be reported with eachutside of those defined in E 45, such rating systems can be

rating. Methods 2 and 3 will include chemical data, by defined by producer-purchaser agreements.

definition. 15.6.1 The reported values will include the number and area
15.5 In all Methods, stereological data determined duringraction, the number of particles per unit area, the mean

analysis may be included in the test report as desired. Stamclusion Feret's diameter or area, and the maximum Feret’'s

dardization of such test data is not governed by this methodiameter for each particle type. The definitions and formulas

(see Practice E 1245). used to compute the stereological values are defined in Section
15.6 Method 3 will provide complete size distribution data12 of Practice E 1245.

by chemical classifications, including stereological data. Al- 15.6.2 A report typical of that generated using Method 3 is

though no rating system has been devised for inclusionshown in Fig. 4, along with an illustration of the analysis rules

Nitrides/Sulfides

Project_Number MAH809566

Sample_Number 123456

Client_Number #3, A-10

Description 12345

Datafiles 000200_A\12345.*

Magnification 50 400.0

Fileds 38.1 164.9

Area (sg. mm) 120.5 8.1

Classes # Num % Area Frac Num/sq. cm
MnS + Cr;05 168 63.0 4 61E-05 2.06E+03
MnS 84 28.7 3.35E-05 9.40E+02
TiN + Cr,0O5 7 26 2.95E-06 8.60E+01
MnS + AlLO; 5 1.5 2.78E-06 5.00E+01
TiN + MnS 3 1.1 1.74E-06 3.68E+01
TiN 2 0.8 1.11E-06 2.46E+01
MnS + TiN 3 1.1 7.15E-07 3.68E+01
Other 2 0.8 3.09E-07 2.46E+01
MnS + TiN + Cr,O4 1 0.4 3.09E-07 1.23E+01

Totals 275 100.0 8.96E-05 3.27E+03

Area Dist by Maximum Feret's Diameter (microns)

Classes Area% 1-2 2-5 510 >>>
MnS + Cr,0O3 515 30.5 425 19.9 71

MnS 37.4 11.8 31.7 237 328
TiN + Cr,0O3 3.3 0.0 59.3 40.7 0.0
MnS + ALO3 3.1 00 309 29.0 40.1
TiN + MnS 19 7.4 0.0 926 0.0
TiN 1.2 0.0 100.0 0.0 0.0
MnS + TiN 0.8 21.2 78.8 0.0 0.0
Other 0.3 100.0 0.0 0.0 0.0
MnS + TiN + Cr,O5 0.3 0.0 100.0 0.0 0.0
Totals 100.0 20.7 38.9 23.2 17.2

FIG. 4 Sample Report for Method 3

12
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Average Composition (%)

Classes # Al Si S Cr Mn Ca Ti
MnS + Cr,O5 168 0 O 48 10 42 0 0
MnS 84 0 O 56 3 41 0 0
TiN + Cr,03 7 0 O 0 8 0 0 92
MnS + AlLO; 5 9 0 54 2 35 0 0
TiN + MnS 3 0 O 30 3 19 0 49
TiN 2 0 O 0 1 0 0 99
MnS + TiN 3 0 O 50 0 40 0 10
Other 2 0 O 80 20 0 0 0
MnS + TiN + Cr,O3 1 0 O 26 7 22 0 45
Totals 275 0 0 48 6 38 0 8

Post Acquisition Analysis Rules used to define above chemical classes:

(Numbers indicate a measure of the amount of the various elements in an inclusion for it to be placed in
the corresponding class; in this example, atomic % is used. “True” means that the inclusion does not belong
to any defined class).

MnS + Cr,0; = Cr>=0.05 and Mn>0.10 and S>0.20 and Mn + Cr + $>0.90 and Cr>Al

MnS = Mn>0.15 and S >0.20 and Mn + $>0.90 and Cr<0.05

TiN + Cr,0; = Cr>0.10 and Ti>0.30 and Cr + Ti>0.75 and Ti>S

MnS + AlL,O; = A1>0.10 and Mn>0.10 and S>0.20 and Al + Mn + $>0.90

TiN + MnS = $>0.20 and Mn>0.10 and Ti>=0.05 and Mn + § + Ti>0.90

TiN = Ti>0.50

MnS + TiN = $>0.20 and Mn>0.10 and Ti>=0.05 and Mn + S + Ti>0.90

MnS + TiN + Cr,0; = Ti>0.05 and Cr>0.05 and Mn>0.07 and $>0.07 and Ti + Cr + Mn + $>0.90

Other = true
FIG. 4 (continued)

used to define the chemical classes selected. X2; a detailed treatment of the general topic of X-ray counting
. _ statistics can be found in standard text bobks.

16. Precision and Bias

16.1 From the chemistry perspective, precision and bias fo17. Keywords
multiple runs of a given sample are governed to a large extent . _ ) _
by the statistics applicable to collecting reliable X-ray spectra 17-1 automatic image analysis; complex inclusions; EDX;
(obtaining adequate counting statistics) from individual inclu-9lobular inclusions; inclusions; inclusion ratings; inclusion
sions and then to sorting inclusions into the proper chemica$tringers; oxides; second-phase particles; SEM; steel; stereol-
classes. These topics are more fully developed in Appendi®9Y; sulfides; X-Ray microanalysis

13
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APPENDIXES
(Nonmandatory Information)

X1. Typical Acquisition Analysis Rules

TABLE X1.1 Typical Acquisition Analysis Rules To Be Set For SEM Analysis

Parameter

Explanation

Magnification

Minimum inclusion size
Maximum inclusion size
Maximum number of inclusions

Maximum number of fields

Maximum total time
Minimum Aspect Ratio

Minimum spectrum counts

Minimum counts necessary for

an element to be recognized
Maximum counting timer per inclusion
Maximum particles per field

X-ray acquisition mode

Size of search grid
Search dwell time

Measure dwell time

Image dwell time
Chemistry format

Magnification to be used for overall scan. Magnification may be
automatically increased to measure identified particles.

Minimum acceptable particle size (avg Feret's diameter).

Maximum acceptable particle size (avg Feret's diameter).

An analysis termination criterion. The analysis will terminate after
this number of inclusions has been identified and accepted.

An analysis termination criterion. The analysis will terminate after
this number of fields has been analyzed.

A termination criterion for the entire inclusion analysis task.

The minimum aspect ratio necessary to consider an inclusion
elongated. Aspect ratio is defined as the ratio of the maximum
diameter (length) to the diameter which is perpendicular to the
maximum diameter.

The sum of the counts in all peaks in the EDS spectrum that a
particle must meet or exceed for the particle to be accepted. May be
used as a threshold for rejecting ill-defined spectra.

Minimum acceptable count for each element. One accepted criterion
for a peak to be considered significant is that the number of net
counts in the peak (P) must exceed the Background counts (B) by
three times the square root of B, or P > 3(BY/?).

Maximum spectrum accumulation time for accepted particles. Other
criteria may be used to terminate the analysis sooner.

A termination criterion. The analysis of a field stops after this
number of particles have been analyzed and accepted.
Point—Place the beam at the estimated particle centroid.
Chord—Repeatedly redraw the measurement chords.
Raster—Scan a rectangular area which fits inside the patrticle’s
perimeter.

Perimeter—Repeatedly trace the particle perimeter.

The grid of points to be used when searching for particles: 256 X
256 or 512 X 512, for example.

In particle detection, the amount of time, in milliseconds, for which
the beam will dwell on each point.

For particle size measurement, the amount of time, in microseconds,
for which the beam will dwell on each point when measuring
particles. The higher the value, the less the measurement will be
subject to image noise, at the expense of analysis speed.

Dwell time per pixel used to collect a digital image.

The format used to store the chemistry for each particle, for
example, as concentration, counts, intensity ratios, etc.

14
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X2. X-Ray Counting and Chemical Classification Statistics

X2.1 X-Ray Counting Statistics statistics (see section X2.1 above) ar@) the statistical
X2.1.1 The generation and measurement of X-rays is é(ar_iation i_n the number o_f members of each classification due
statistical process. In an SEM, electrons impinge on thd0 insufficient number of inclusion members.
Samp|e’ and if they have sufficient energy, there is a finite X2.2.2 To be USGfU', an analysis must be both accurate and
probability that X-rays will be generated. Further, there arelimely. Thus there exists the necessity to optimize the time
finite probabilities that it will be an X-ray we are set to Spent analyzing each inclusion and the total number of inclu-
measure, that it will exit the sample, hit the detector, andsions analyzed. The character of this optimization depends
finally, that it will be detected and counted. Therefore, everheavily on the character of the sample. For samples with a
with an ideal sample in a perfect instrument, the measure@mall number of equi-populous and distinct inclusion classes, it
intensity of a given X-ray will vary from measurement to iS possible to get accurate results quickly. Because the classes
measurement. are distinct, it is not necessary to collect a high number of x-ray
X2.1.2 The distribution of an infinite number of measure-€events to unambiguously classify the inclusion; because the
ments will be Gaussian, and the true number of counts will bénclusion classes are of similar population size, the counting
given by \/I°, the mean value of those measurements; thétatistics in each class accumulate quickly. Alternatively, if the
standard deviation s, will be given by/I°. The Gaussian inclusion class of interest is very similar to one or more other
distribution predicts that 95.4% of the measurements will havé&lasses, it is necessary to collect a larger number of x-ray
values between 1% 21/1°, and 99.7% of the measurements counts to accurately distinguish the classification. Fortunately,
will have values between 1% 3v/I°. Stated differently, any most inclusion classes are distinct enough to be easily distin-
given measurement will have a better than 95% chance diuished with relatively poor EDX counting statistics.
falling within the values bounded by I 2/I°, and a better X2.2.3 If there are only a few members of a given inclusion
than 99% chance of falling within the values bounded by 1° class, itis necessary to analyze many inclusions to get adequate
KAV distribution statistics. In addition, it may also be necessary to
X2.1.2.1 Relating this to an actual measurement of an X-ragollect more EDX counts in each spectrum to ensure that a
line, one can state that a peak is present if the counts in theaember of a more populous class is not misclassified in the
peak exceed the background counts, B, RyB This can be rarer one. From a percentage error point of view, it becomes
stated with a high degree of certainty, because there is only gignificant when a member of a populous class is misclassified
0.3% chance that the count represents a statistical fluctuation of the rarer class.
the background. ThedScriterion is often used in the definition ~ X2.2.4 There are various mechanisms commonly used for
of the minimum detection limit. stopping criteria for EDX acquisition. They includel)(
X2.1.2.2 A single measurement of the peak of interesstopping after a fixed time (real or live)2)(stopping after a
approaches its true value as more counts are accumulated, i.Bxed total number of counts3) stopping after a fixed number
as counting time increases. If a given peak measurement, |, of counts summed from all the regions-of-interest for the
10000 counts, and it is assumed that I= I°, then it can belements-of-interest.
predicted that more than 99% of subsequent counts will fall X2.2.4.1 For inclusion analysis, a combination of 3 and 1 is
between 9700 and 10,3001 31/10000). The+ 3% variation  optimal. Some fixed time is selected to act as a failsafe
expected in this example would likely not have any effect onstopping criteria to reject features in the image that will never
the accuracy of inclusion classification. However, if the valuemeet a counting criterion. These features might consist of
of I were only 36 counts, for example, the same reasoningurface contamination such as dust or lint. Analyses that stop as
would predict that subsequent measurements would vary by up result of the time criterion are rejected immediately. Most
to 50%, and misclassification would be more likely. However,frequently, however, the EDX acquisition is halted by meeting
as discussed in section X2.2 below, even this low number ofhe fixed counts requirement.
counts may be sufficient for accurate classification if the x2.2.4.2 Thus the problem of selecting a stopping criterion
classes are distinct enough. Standard text books on X-rayomes down to selecting a counting criterion. This number can
spectroscopywill provide a more detailed discussion of X-ray pe arrived at empirically by manually evaluating a number of

counting statistics. inclusions in each of the classes of interest. The operator

observes how many counts it takes to accurately classify the

X2.2 Stopping Criteria for X-Ray Analysis of Single inclusion. The counts criteria is set to the largest of these
Inclusion values.

X2.2.1 The desired result of an SEM-based inclusion analy- X2.2.4.3 Experience has shown that 1500 counts (summed
sis is an accurate histogram representing the distribution dfom all the regions of interest) are usually more than sufficient
inclusions within predefined classes. This measurement i® perform an accurate classification on a steel sample. On an
dominated by two competing sources of errd):the misclas- optimized SEM/EDX system, it is possible to collect the 1500
sification of individual inclusions due to insufficient EDX counts fran a 2 pminclusion in 2 seconds or less. Typically,
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the time rejection criterion would be set approximately 3 times X2.3.2 For each class defined, plot the number of members
longer, or 6 seconds in this example. for each of the N analyses for each of the M analysis
configurations. The width of the distribution is taken as a
representation of the relative accuracy of the analysis.

Counting Criterion X2.3.3 Select an analysis configuration that provides the
X2.3.1 Analyze a sample N times at each of M d'ﬁeremoptimal balance of speed and accuracy.

counting criteria (analysis configurations). The analysis with
the longest/largest stopping criteria is assumed to be closest to
an accurate representation of the sample.

X2.3 Procedure for Empirically Determining the Optimal
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