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Abstract

Iron based alloy Certified Reference Materials (CRMs) have been developed for the quantitative analysis of
chromium, nickel and carbon by using Electron Probe Micro Analysis (EPMA). The three groupes of iron
based alloys were produced by adjusting their concentration levels of alloying elements to 5 stages as follows.

O the five iron based alloys with chromium concentration ranging from 5 to 40 mass%

O the five iron based alloys with nickel concentration ranging from 5 to 60 mass%

O the five iron based alloys with carbon concentration ranging from 0.1 to 0.7 mass%.
This paper describes the research regarding the preparation of iron based alloys with uniform distribution of
alloying elements, and the determination of their concentrations as well as uncertainties which take
microscopic element distribution into consideration. The chemical compositions of Fe-Cr and Fe-Ni alloys
were determined by chemical analysis using titrimetry. The carbon contents of Fe-C alloys were determined
by carbon analysis using the infrared absorption method after combustion in an induction furnace. Certified
values were determined based on the results obtained by the above-mentioned methods. The uncertainties
include the measurement deviations resulting from chemical analysis and heterogeneity between and within
specimens. The produced CRMs are useful as very homogeneous standards for EPMA analysis of iron based

alloys.
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Fig. 1 Interactions between electron beam and specimen
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Fig.2  Schematic illustration of EPMA system equipped
with WDS and EDS

00000000000 0O00000EPMAOOOOOOOOOOOOO

OWDSOEDSO OO0
O0o00OO0OXoOoooooooooooXooooo
gboooobooooooooocoboooooooogn
ooooo
wDSOOOOXOoOooOoooOOoEDSODODOOOoOOoOoo
OO00oo00oo0oooooooEDSOOOOOOOOO
obobOobooooooobOooboOoboooooboOoooo
gbooooboooooooooobooooobooogan
O000000000O000000O0EDSOOCOOOO
ooooobooooooooo
OO0oEDSOO0OO0OOOOOOOOoXgooooo
OO00o00o00oU0oooOooOoooXoooowbso
OO0O00O0O0OSEMOOOOOODOOOOOOOOO0O0
gboooooooooooocoboooooooogan
o0oo000b0000000Xoooooooooooao
gooobOobobOooOooboOobo0oobooooobooDooon
ooooXgooooooowbsoooooooooo
oboobOobooobooooooooboooooboooon
O0o00O0Xooooooooooooooooooo
gboooooooobooooooooooooooon
oboooboobooboobooooooooocobooooa
gooobOobobOOooOooboobo0ooboooooboooon
oboobOooboooooooooobooooobooooon
ooooooowbSOOooOooooOooooooooo
OoOoooowbSCcoOoooooooo

1.4 EPMAOOOOOOOODOOOO

gooooo
oboooOoboobOobooooooooboobooobooo
obooooooocoooooooOoooboooo
EPMAOODOOOOODOOOOOOOOCOOOOO
o0oo00o0b0000000O0000000000X00
gooobOoboobOooOooboOobooobooooobooDooon
oobooooooooobooooood

WDSO O EDSODOOOOOOO0OXoOoOooooood
ubooboooooboooo@moooooboooOoOooOoOoonoon
gbooooooooooooobooooobooogan
o0oo000b00000O000Xooooooooooao
ooo0oO0oO0o0o0oOo0oOO0O0Ob0OoOoO0ooOXooooao
oboobOobooobooooooooboooooboooon
oboobOoboooboooooOoooboooooboOoooon
oboooooooooooooo



ooo

gooooo
obooboooooboooooooobooooooood
obooooooooocoooooooooobooooon
oooo
EPMAOOOOOOOOOOOOOOOOOOOOO
oboooOoXoooooboooDboooooXooooo
gboooooooocOooboOooOoooooboobOOooDoOoon
obooooooooocoodgo
obooboooooboooooooobooooooood
gobooobOOobOooooboOobooooooobOoDOoon
ooooooooooooXxgoobooooooooo
goxopooooooooboobooooooooo
o0o00o0oo0Oo00o0o0o0oooooooXoooo
oboooooooooooooooooobooooon
oboooooooooooooooooobooooon
obooooooo
oboobOoboobOoooooooboobooooboooo
gboooooooocooooooooboobOooDoon
gbooooooooocooboOooOoooooobOooDoOoon
ood
000000000000 000000ZAFODOOO
gobooobOobooooobooooooooobOoDOoon
gboooobooooooooooooooboobOooDooon
gboooooooooooooooo
ZAFOOOOOOOoO0@ooooo@ooooooo
FooooooooooXooooooooooooo

ooooooooooo oo 00000000000

gobooobobOoooobooobooooooobOoDOoon
OO00O0ZAFOOOOOOoOooOOooooooooooo
gbooobooooooooboooooboobOooDooon
gbooobooooocooooooooooDbOoDOoon
oboooooodoooooooood
EPMAOODOOOCOOOOOOOCOOCOOOOO
gilioooooOooOooOooooOooboOooOooboOooboOoon
gbooobooooooooooooooboobOooDoon
gbooobooooooooooooooboobOooDooon
gbooobooooocoobooooooooobOooDOoon
oboooooodoooooooood

EPMAO OO

ooooooo
oboobooboobooboooooooobocoboboooo
goooooobooooooobooboobobo@ooon
ooooo0ooooOoooboO0oOoboOooOooOXxooooao
gboobOoboooboooooobooboooooboooon
gooooooo
obooboobooboooboooooooboobooboobooo
gbobobooboooooooooobooooobooooon
gbobobooboooooooooobooooobooooon
goooOobobOooOooboOobo0oobooooobooooon
gboobOoboobooooooooboooooboooon
goooooooooooo
OOOEPMAOOOOOOCOODOOOOOOOOOO
gboboobooooooobooobooooobooogon
gbobooboooooooboooboooooboooan
goobOobobOooOooboOobo0obooooobooDoon
ooooooooooobooooood

goboooooobooooo
OOOEPMAOODOOOOOOODOOOOOODOOOO
gboboobooooooobooobooooobooogon
gooobOobobOooOooboobo0oobooooobooDooon
gbobobooboooboooooooboobooooobooon
obooboooboobOmooooooooboobooobooooo
gbobobOoobooooooobooboobooooboOoooo
gboobooboooooooooobooooobooogn
gooooooooo
OOO0OO0O0OO0OOO0OEPMACOOOOOOOOOOOOO
gboobOooboobooooobobooboooooboobooon
gboobOooboobooooobobooboooooboobooon
ooboooooboooobooooooo



ooooooooooono booo 00000000000 0O00000EPMAOOOOOOOOOOOOO



odo OoOoooooooobooooo

o Ooboboboobobobod

oboobooboooboooooooOobooooobooooo
ooooooo0ooobOOoOowoooooooenobnoOoo
o0oo0o0o0o00Oo00O0O00O0O0OO0O0EPMAODOOOO
gobooobOOobOoo0ooboOoboooooooDbOoDOoon
gbooboobOob0ob0Booboooooboeb0bOOOn
OO0oo0200000000EPMADOODOOOOOOO
oboobOomoooooooOoOoboooOoOooOoooobonon
00000000*0000000000000000
oboooooooocoooooooooobooooon
gooooooDoooooooDo
OOOCOCEPMAOOOCOOOCOOOOOwWW)OOODO
ooobDoD0oo0O0oo0000ob00ob0b0O0O000 OwO
OOEPMAOOOOOOOCOOOOOODODOOOOOO
gooooooooooooooobooboooooao
OuX)DOOOO000D0O0O0

u(W) = Ju” (X) +u’

gbOobooooboooobOooocOoobooooooon
OO0 03200420000000
OOO0OEPMAOOOOOCOOOOOOOCOOOOO

obooooooooooooboooocoooooon

Table 1 Analysis of variance table

EPMADOOOO00/00000;0000k000X00
00000X,00000000000000 0 Table 1
00000000000 000#-000000000#,0
0000000O0#%0000
0000000000000000000000000
000000000000
X, =~$x,0X.=~3x. 0. -~3x.

n, o n, = ng e
0000000000000B, 00000000000
0000&;-BO0000
X;-BxI00O000D00D0DDD0D0D00000000 o,
0000000000000 000000000000
000000000Peisson0 000000000
c!=B00000O0O

w' (X, -B,)=u"(X,)+u’(B,)

2 2 2

2
K S S, o
:_S+ P + E + B
ng  RnN, NN,N.  NNN,
2 2 2 2
N N s.+0
N R B B}

n ngn, Rgnpng

measurement gy

Degree of Expectation of mean
Factor Sum of squares s Mean square P
freedom square
nso— j—
.. ns _ nn Y (X..—X..)
Varlatlon'between 3 (X, - X n, -1 P :; _y s +n,sd+n,n,s’
specimen p =V, ; ’
ng —1
SY(X.-X.)
ariation between G T v n X, - X,
v e ng (Xl/' - X, )2 ng(n, —1) i = = SZ' + nESf’
position Pl =¥p
ny(n, —1)
s z,, nE( _ ;
Variation between Shehe T o\ Xy —X,
(XUA -4y ) }’IS}’IP(HE —1) i=l j=1 k=1 ’ ’ Sz-




ooooooooooono booo

000X000 &, BwOO000000W,000C
oooo

X~ Biy= CWy, DDDDDDDD’V,-]-;@DDD(O'%)DD
goOoooooao

o? =M=L(s_§+ 53 +s§+0'§j

u Cc? C*'\n, nmn, nmnn,

N sT°P sTPTE

OOOO0OEPMAOOOOOODOOOOwX)ODOOO
oooooad

00000000000 0O00000EPMAOOOOOOOOOOOOO

2 2 2 2
u(X) = Lz[s_us_faﬁﬁ_%]
C'\ng ngn, ngn,n,
ooocoooOoOooooooooonon
_¥-F

/4

0

X0X00O00O00O BOO00O00O0O0O0O0O0O00
w,oooOooooooooooooooo

c



od0o OoOooooooooocoOooooboooboo

o Oobbobobobbobobobobod

3.1 000000000

3.1.1 000000000

ooobooboboooooo0obobooooooo
OO0oO0O0oo00O0O0OO0OEMPAOOOOCOOOODOOOO
gbooooooooooooooooboobOooDoon
O000O00OTable200000100000000000
gboooooooocoooooooooobooooon
O000000OFg30 00000 000D0O0OODOO
goboooobooooooooboOooobooOoooonzo
gbooooooooooooooooboobOoonooon
goooooooooooooooboooooooo
Fe-10%Cr0 0000000000 O0O0OO0O0O0OO0OOO
Table 10O OOO00OO0OOOOOODOOOO

ogbooboooooboooooooobooooooood
goooooo

Table 2 Composition and content of Fe-Cr and Fe-Ni
reference materials (mass%)

FeO Cr alloy 5 15 20 30 40

Crcontent |0 R10 |0 R20 (0 R30 |0 R40 (O R50

Fel Ni alloy 5 10 20 40 60

Ni content |0 N10O |0 N20O |0 N3O |0 N40O |0 N50
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Fig. 3 Schaeffler diagram
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Table 3 Composition and content of Fe-Cr candidate
reference materials[] mass %[

Cr C Fe
R1 5.00 0.030 Bal.
R2 15.00 0.030 Bal.
R3 20.00 0.035 Bal.
R4 30.00 0.035 Bal.
R5 40.00 0.040 Bal.

Vacuum melting —> Hot forging [—>

Hot rolling —>|Heat treatment > Cutting

Fig.4 Manufacturing procedure



ooooooooooono booo ooooooo

Table 4 Raw materials for the production of Fe-Cr alloy ingot (mass%)

O0o0o0O0O0OO00O0O0EPMAOOOOOOOOOOOOO

Component Material C S P Si Mn Cu N [0)
Iron Electrolytic iron 0.001 | 0.0001 | 0O00.001 | TJ0.0005 | 0.0001 | 0.0024 | 0.0003 0.003

Component Material C Si S Al Fe 0

Chromium Electrolytic chromium 0.002 0.001 0.001 0.001 0.140 0.035

Carbon Graphite High-purity graphite

Remowal
)

/““‘“R moval
Bottom emova

(unit : mm)

Fig.5 Sampling from ingot
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Table 5 Chemical analysis of Fe-Cr alloys( mass%[

C Si Mn P S Cr Mo solAl insolAl Cu 0
R1 | 0.013 0.004 <0.001 | <0.001 | <0.001 4.99 <0.001 | <0.001 0.001 <0.001 0.005
R2 | 0.005 0.004 <0.001 | <0.001 | <0.001 14.97 <0.001 | <0.001 0.001 <0.001 0.005
R3 | 0.004 0.005 <0.001 | <0.001 | <0.001 19.89 <0.001 | <0.001 0.001 <0.001 0.008
R4 | 0.009 0.005 <0.001 | <0.001 | <0.001 29.94 <0.001 | <0.001 0.001 <0.001 0.009
R5 | 0.014 0.007 <0.001 | <0.001 | <0.001 39.91 <0.001 | <0.001 0.001 <0.001 0.012
Table 6 Composition and content of Fe-Ni candidate reference materials[] mass%![]
Ni C Mn Fe
N1 5.00 0.40 0.75 Bal.
N2 10.00 0.20 0.75 Bal.
N3 20.00 0.40 0.75 Bal.
N4 40.00 0.040 ad Bal.
N5 60.00 0.040 ad Bal.
Table 7 Raw materials for the production of Fe-Ni alloy ingot (mass%)
Component Material Ni + Co Co Cu Pb (0]
Nickel Electrolytic nickel 99.98 0.002 0.0010 0.0012 0.002
Component Material C Si P S Fe | 0 |  Others
Carbon High-purity graphite
Manganese Electrolytic manganese 0.003 0.001 0.001 0.025 0.001 O Mn:Remains
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Fig. 8 Microstructure of N4(Fe-40mass%Ni){ Optical
microscope image[]
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Table 8 Chemical analysis of Fe-Ni alloys[] mass%[]

00000000000 0O00000EPMAOOOOOOOOOOOOO

C Si Mn P S Ni Co solAl insolAl Cu (0]
N1 0.37 0.007 0.75 <0.001 | <0.001 5.01 <0.001 | <0.001 0.003 <0.001 0.001
N2 0.17 0.002 0.76 <0.001 <0.001 10.01 <0.001 <0.001 0.002 <0.001 0.001
N3 0.30 0.003 0.76 <0.001 | <0.001 20.03 <0.001 | <0.001 0.001 <0.001 | <0.001
N4 0.018 0.002 0.001 <0.001 | <0.001 39.54 0.001 <0.001 0.001 <0.001 0.002
N5 0.021 0.002 0.001 <0.001 <0.001 59.53 0.001 <0.001 0.001 <0.001 0.002
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Fig. 9 EPMA line analysis of N4(Fe-40mass%Ni)
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00000000000 0Al-Std-Cr000000000
000000000RODOOOOOOOOOOO

oboooooooocooooooooooboooon
oooO0ooO0obOo0ooooOooooon
ooooooocn(VhDOoOOOOFedDOoOOoOooooO
obooOoooooocooOooooooboobOooDooon
0ooooooooooooo0dGbbooon
C(Tit-Std-Cr)/AM(Tit-Std-Cr)x f10 0 00 0 0 00O
gbooooooooobOooOoOoOoooooooan

11

AM(Sample-Cr)x [f3x M(Sample-Cr)][/10000 000 00O
0000000000 Amount(Sample-Cr)D 0 00O
Amount(Sample-Cr)=C(Sample-Cr)x M(Sample-Cr)/ 1000
=C(Tit-Std-Cr)/AM(Tit-Std-Cr)x f1x AM(Sample-Cr)

x [f3x M(Sample -Cr)]/10000
f1 = M(Tit-Std-Cr)/[ Viean(Tit-Std)
O (Cervy Crean)* Veram(Tit-Std)10
£3x M(Sample-Cr) = [V, (Sample)
0 (Cervy/ Crean)* Verun(Sample)]0
Tit-Std-Cr0 0000000000000 O0OO0Of10
00000000000 @ample-CrO00000O00OO0O
0ooooooof0ooonooonoooooo

gooooobbboooooo0o0oooooooooo
ooood
0000000000 Amount(Sample-Cr)d0 0 O 0O O
00000 (mass of Sample FeCr)D OO OO OOOO0O
goooooboObObOoOoOoODOO0O0O000oooooooon
gooooobbbooooO0o0o00ooooooooo
gdddoooooocAl-std-Cnbogggogooo
OC(Mt-Std-Cn000000DO0O00DODOO00moD
0oo0oooooooooooooooooooooo
go0oooobObObOoOoOoODODO0O0O000oooooooaon
oopooocCGrfboooooOoCrtoooDoooooo
good
Mass fraction of Cr in Sample FeCr (%)
= Amount(Sample-Cr) / (mass of Sample FeCr)x 100
x [C(Tit-Std-Cr) / C(All-Std-Cr)]
= [C(Sample-Cr)x M(Sample-Cr)/1000] / (mass of
Sample FeCr)x 100x [C(Tit-Std-Cr) / C(All-Std-Cr)]
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0.05% (d.f. = infinity)Od
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0.001% (d.f. = infinity)O
All-Std-Cr0 000000000 D0DO0OO0OODOOOOO
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Sample-Cr0 00 0000000ODODOOOODODOOODO
00000d0.065% (d.f. = 5)0
0o0oooboooobooOoobobooobobooo

0.001% (d.f. = infinity ).
u (0 0 %) = (0.05)* + (0.001)2 + (0.026)* + (0.065)* +
(0.001)? = (0.086%)* O
00000 d effective d.f.[T

V o = 0.086%(0.05%/0 + 0.001%/0 + 0.026%3 +

0.065%5 + 0.001%/0) = 14.7--->14 (k =2.14)

0ooCr00 000 (%) =4.998% (1. = 0.004%0 effective
d.f. = 14) <---FeCrO O (Cr 5%)
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OooooooUoooooooooooo
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00000ooU00oOoooouoooooooon

0.001% (d.f. = infinity ).
u (00 %) = (0.05)% + (0.001)2 + (0.012)% + (0.036)* +
(0.001)% = (0.063%)? ;
00000 d effective d.f.[T

vV o = 0.063%(0.05%0 + 0.001%/0 + 0.012%/3 +

0.036'/5 + 0.001%/0 ) = 45.9--->45 (k =2.02)

oooCrD0D00O0 (%) = 14.964% (u. = 0.009%0
effective d.f.=45) <--- FeCrO O (Cr 15%)
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0.001% (d.f. = infinity ).
u (0 0 %) = (0.05)* + (0.001)2 + (0.033)* + (0.035)* +
(0.001)% = (0.069%)* ;
000000 effective d.f.[T

V o = 0.069%(0.05%/0 + 0.001%/0 + 0.033%/3 +

0.035%5 + 0.001%/0) = 32.6--->32 (k =2.04)

O0:Crf00000 (%) = 19.865% (#, = 0.014%0
effective d.f.=32) <--- FeCrO O (Cr 20%)
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0.001% (d.f. = infinity ).
u 20 0 %) = (0.05)% + (0.001)2 + (0.054)% + (0.029)* +
(0.001)% = (0.079%)? ;
000000 effective d.f.[T

V o = 0.079%(0.05¥0 + 0.001¥0 + 0.054%3 +

0.029'/5 + 0.001%/0) = 13.1--->13 (k =2.16)

OoocCrOuonoa (%) =29.837% (u, = 0.024%0
effective d.f.=13) <--- FeCrO O (Cr 30%)
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Table 9 Quantitative chemical analysis of Cr in Fe-Cr alloys

Specimen Ne Cr content (mass%)
R1-001 5.002
R1-026 4.999
R1-051 5.001
R1-073 5.002
R1-101 5.000 0 Final result[]
R1-129 4.993 Correcting Cr content (mass%)
mean= 4.999 4.998
stdev= 0.003
RSD(%)= 0.065
Specimen Ne Cr content (mass%)
R2-001 14.970
R2-026 14.966
R2-051 14.969
R2-073 14.964
R2-101 14.956 O Final result
R2-129 14.961 Correcting Cr content (mass%)
mean= 14.964 14.964
stdev= 0.005
RSD(%)= 0.036
Specimen Ne Cr content (mass%)
R3-001 19.856
R3-026 19.853
R3-051 19.855
R3-073 19.862
R3-101 19.841 0 Final resultO]
R3-129 19.852 Correcting Cr content (mass%)
mean= 19.853 19.865
stdev= 0.007
RSD(%)= 0.035
Specimen No Cr content (mass%)
R4-001 29.821
R4-026 29.834
R4-051 29.812
R4-073 29.816
R4-101 29.816 O Final resultd
R4-129 29.809 Correcting Cr content (mass%)
mean= 29.818 29.837
stdev= 0.009
RSD(%)= 0.029
Specimen No Cr content (mass%)
R5-001 39.669
R5-026 39.664
R5-051 39.665
R5-073 39.661
R5-101 39.692 0 Final result[]
R5-129 39.714 Correcting Cr content (mass%)
mean= 39.678 39.691
stdev= 0.021
RSD(%)= 0.053
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O00ONIOODOOO (%) =5.039% (u. = 0.006%0 effective
d.f. =9) <--- FeNiOl O (Ni 5%)

NiOOONiD10% OO0
gobooooooooooobooooooo

0.05% (d.f. = infinity)O
obooOobooobooooooooboooooboooon
0 0 0.000% (d.f. = infinity)O]
All-Std-NiO O OOOOOOO0OO0DO0OO0O0oOO0oO0ooooo
0000000.014% (d.f. = 3)0



ooooooooooono booo

Sample-NiDOOOOOOOOOOOOOOOOOOOO
000000.208% (d.f. = 5)0
Oo0o0ooo0oUoooooUoooooUooooo
0.000% (d.f. = infinity ).
u (0 0 %) = (0.05)* + (0.000) + (0.014)* + (0.208)* +
(0.000)% = (0.214%)?;
00000 d effective d.f.[T7
V o = 0.214%(0.05%0 + 0.000%0 + 0.014%/3 +
0.208%/5 + 0.000%/00) = 5.6 ---> 5 (k =2.57)
OOONDODOOOO (%) =10.053% (u. = 0.022%0
effective d.f. = 5) <--- FeNiOD O (Ni 10%)

NiODOONiO20% O0O0:
oooooooooooouoooooooo

0.05% (d.f. = infinity)Od
00000000000 0oooOooooooooooon
0 0 0.000% (d.f. = infinity)O
All-Std-NiDODOODOODODODODOoOOOoOOoOoOOooo
000000.074% (d.f. = 3)0
Sample-NiD OO OOOOOOOOOOODOOOOOOO
0000mo0.170% (d.f. = 50
0o0ooobooooboboooboboooobooog

0.000% (d.f. = infinity ).
u (0 0 %) = (0.05)* + (0.000) + (0.074)* + (0.170)* +
(0.000)* = (0.192%)?;
00000 d effective d.f.[T

V o = 0.192%(0.05%0 + 0.000%0 + 0.074%/3 +

0.170*5 + 0.000%0) = 7.7 --> 7 (k =2.36)

OOONOOOOO (%) =20.022% (u. = 0.038%0
effective d.f. = 7) <--- FeNiOD O (Ni 20%)

NiOOONiO40% O0O0O:
goooooooooboboooobboboo
0.05% (d.f. = infinity)Od
0go0o0o0o0o0D0OoO0ODODOO0O00000oooooooo
0 0 0.000% (d.f. = infinity)O
AllStd-NiDODOOOODODOoODOOoOooooooo
00000d0.039% (d.f. = 3)0
Sample-Ni 000000000000 D0OO0OO0OOOOOO
00000d0.095% (d.f. = 5)0
godoooo0oOooooooobooboboobooo
0.000% (d.f. = infinity ).
u (0 0 %) = (0.05)* + (0.000)% + (0.039)2 + (0.095)* +
(0.000)% = (0.114%)? ;
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00000000000 0O00000EPMAOOOOOOOOOOOOO

000 00O effective d.f.[T1
V o = 0.114%(0.05%0 + 0.000%/0 + 0.039%/3 +
0.095Y5 + 0.000/0) = 9.9 -—->9 (k =2.26)
OOONDOOOOO (%) =39.916% (u. = 0.046%0
effective d.f. = 9) <--- FeNill O (Ni 40%)

NiOOONiIO60% 0O0O0O0:
goooooooobooooboobobbooboog
0.05% (d.f. = infinity)Od
0o0od0oooooooooooooooooooooo
0 0 0.000% (d.f. = infinity)0
All-Std-NiDODODODODOoOOOoOoOoODOooDoooooo
00000d0.013% (d.f. = 3)0
Sample-Ni 000000000 DO0ODOOOOODODOOO
00000d0.090% (d.f. = 5)0
0o0ooobooooobooooooooooogd
0.000% (d.f. = infinity ).
u (0 0 %) = (0.05)* + (0.000)2 + (0.013)* + (0.090)* +
(0.000)? = (0.104%)* ;
000000 effective d.f.[T
V o = 0.104Y(0.05%0 + 0.000%/0 + 0.013/3 +
0.090%5 + 0.000%/0) = 8.9 -—-> 8 (k =2.31)
O0O0ONOOOOO (%) =60.067% (u. = 0.062%0
effective d.f. = 8) <--- FeNiD O (Ni 60%)
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Table 10 Quantitative chemical analysis of Ni in Fe-Ni alloys
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0 Final result[]
Correcting Ni content

5.039

[ Final resultd
Correcting Ni content

10.053

0 Final result[]
Correcting Ni content

20.022

0 Final resultl]
Correcting Ni content

39.916

Specimen Ne | Ni in precipitate (g) | Ni in filtrate (mg) Total Ni (g) Ni content
N1-001 0.010408 0.057 0.010465 5.0390
N1-026 0.010185 0.068 0.010253 5.0466
N1-051 0.010384 0.054 0.010438 5.0369
N1-073 0.009822 0.052 0.009874 5.0406
N1-101 0.010220 0.055 0.010275 5.0371
N1-129 0.009787 0.063 0.009850 5.0384

mean= 5.0398
stdev= 0.0036
RSD(%)= 0.0712

Specimen Ne | Ni in precipitate (g) | Ni in filtrate (mg) Total Ni (g) Ni content
N2-001 0.009477 0.083 0.009560 10.0343
N2-026 0.010321 0.080 0.010401 10.0708
N2-051 0.010063 0.079 0.010142 10.0408
N2-073 0.010063 0.083 0.010147 10.0570
N2-101 0.010005 0.075 0.010080 10.0345
N2-129 0.009934 0.077 0.010011 10.0101

mean= 10.0412
stdev= 0.0209
RSD(%)= 0.2082

Specimen Ne | Ni in precipitate (g) | Ni in filtrate (mg) Total Ni (g) Ni content
N3-001 0.010091 0.056 0.010147 20.0427
N3-026 0.010033 0.052 0.010085 19.9599
N3-051 0.010627 0.059 0.010686 20.0297
N3-073 0.010080 0.052 0.010131 20.0021
N3-101 0.009951 0.045 0.009997 20.0128
N3-129 0.010254 0.053 0.010307 19.9635

mean= 20.0018
stdev= 0.0340
RSD(%)= 0.1702

Specimen Ne | Ni in precipitate (g) | Niin filtrate (mg) Total Ni (g) Ni content
N4-001 0.009889 0.024 0.009913 39.9324
N4-026 0.009889 0.022 0.009912 39.9112
N4-051 0.010112 0.027 0.010138 39.8901
N4-073 0.010275 0.021 0.010296 39.8627
N4-101 0.010182 0.021 0.010203 39.8860
N4-129 0.010018 0.023 0.010041 39.8242

mean= 39.8844
stdev= 0.0378
RSD(%)= 0.0948

Specimen Ne | Ni in precipitate (g) | Ni in filtrate (mg) Total Ni (g) Ni content
N5-001 0.010114 0.038 0.010152 60.0179
N5-026 0.009985 0.045 0.010030 60.0873
N5-051 0.010008 0.042 0.010051 60.0084
N5-073 0.009739 0.044 0.009783 60.0563
N5-101 0.010184 0.043 0.010227 60.0105
N5-129 0.010605 0.042 0.010648 59.9283

mean= 60.0181
stdev= 0.0538
RSD(%)= 0.0897
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Table 11 Cr-Ko intensity in various beam diameters

Position 0.7um 1.1um 1.4um
1 5593.0 5612.5 5634.8

2 5591.4 5597.9 5642.8

3 5594.3 5603.5 5645.8

4 5605.2 5604.1 5644.5

5 5606.1 5599.4 5648.1

6 5603.8 5603.1 5656.0

7 5608.3 5592.1 5650.5

8 5593.7 5563.8 5645.9

9 5601.5 5564.1 5634.8

10 5609.1 5567.1 5650.8

11 5595.5 5572.8 5645.9

12 5610.5 5560.2 5629.0

13 5598.8 5552.6 5644.3

14 5602.7 5555.0 5649.7

15 5625.7 5562.8 5632.9

16 5610.6 5534.6 5638.4

17 5622.0 5560.7 5627.3

18 5621.5 5551.5 5633.8

19 5617.7 5548.8 5630.4
20 5624.3 5548.1 5631.7
Mean 5606.8 5572.7 5640.9

Standard deviation(SD) 10.94 23.56 8.47
Coefficient of variance(CV)(%) 0.20 0.42 0.15

(0)O 00000 0 (standard deviation)O O O O O (coefficient of variation)0 0 0 0 O0SDOCVO OO OODO

Table 12 Standard deviation of characteristic X-ray intensity in the EPMA repetitive measurement

Sample Standard ii\;isal‘iirzr;(;fniepeat the Mean Square root of the mean
R1 60.0 3993.0 63.2
R2 105.2 10918.0 104.5
R3 134.8 14159.5 119
R4 168.1 20341.7 142.6
R5 156.8 26145.2 161.7
N1 46.0 3233.4 56.9
N2 68.0 6256.1 79.1
N3 116.5 12436.0 111.5
N4 159.9 25210.5 158.8
N5 184.0 38896.5 197.2
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Table 13 Measured values of R3 sample by EPMAQO Cr-Ko intensity after correctiond (count)

Position 001 026 051 073 101 129

1 14105.4 14282.1 14132.2 14143.1 14114.8 14073.8
2 14173.1 14166.6 14065.8 14161.2 14171.4 14114.6
3 14050.8 14056.0 14039.2 14235.8 14116.2 14105.6
4 14249.3 14033.2 14083.5 14201.6 14124.5 14161.2
5 14187.9 14100.4 14159.8 14157.9 14216.6 14246.8
6 14256.1 14140.5 14300.8 13976.7 14271.6 14300.2
7 14160.3 14240.0 14111.0 14122.8 14203.9 14221.7
8 14115.3 14086.2 14087.6 14185.8 14195.5 14349.6
9 14101.9 14147.6 14132.2 14108.9 14247.2 14062.4
10 14204.5 14162.8 14114.2 14235.1 14270.8 14112.5
11 14129.5 14151.3 14195.4 14017.6 14249.5 14141.7
12 13986.1 14119.5 14016.6 14239.5 14147.8 14210.7
13 14224.6 14144.9 14048.4 14147.5 14229.9 14246.0
14 14172.2 14196.9 14248.3 14135.3 14064.6 14192.4
15 14055.7 14161.6 14187.5 14221.1 14197.1 14151.1
16 14114.4 14093.4 14117.9 14097.0 14245.8 14282.2
17 14126.4 14103.3 13992.0 14181.8 14042.9 14263.2
18 14235.6 14184.0 14264.0 14295.0 14156.3 14198.4
19 14204.4 14472.4 14120.6 14021.1 14159.0 14150.9
20 14197.4 14234.5 14083.6 14066.2 14172.7 14177.1
Mean 14152.6 14163.9 14125.0 14147.5 14179.9 14188.1

SD 71.80 95.19 81.75 82.85 65.26 77.54

CV(%) 0.51 0.67 0.58 0.59 0.46 0.55
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Table 14 Measured values of N3 sample by EPMAO Ni-Ka intensity after correctiond (count)

12 3 4 5 6 7 8 91011121314151617 1819

Position

Fig. 13 Chromium distribution in R3(Fe-20mass%Cr)

Table 15 Comparison of measured value of EPMAD Fe-20mass%NilJ

sample

!
20

Pasition

Position 001 026 051 073 101 129
1 12377.9 12369.1 12725.9 12489.3 12650.8 12373.5
2 12540.3 12090.1 12134.5 12255.2 12677.2 12443.5
3 12464.9 12076.6 12475.6 12418.8 12060.3 12741.5
4 12352.6 12127.6 12692.0 12755.6 12227.0 11934.5
5 12524.0 12658.8 12110.1 12374.7 12700.3 12366.6
6 12665.8 12739.3 12675.2 12869.8 11967.1 12655.2
7 12576.0 12209.0 12835.8 12871.3 12339.4 12794.7
8 12572.5 12241.0 12669.2 12727.9 12466.2 11987.4
9 12774.1 12093.9 12094.6 12377.5 12517.9 12070.9
10 12613.5 12002.6 12350.7 12467.6 12501.8 12916.6
11 12436.6 12181.1 12854.3 12170.4 12788.6 12806.1
12 12350.3 12345.1 12860.4 12074.6 12008.3 12111.6
13 12177.9 12718.2 11984.6 12156.4 12281.2 12108.2
14 12477.2 12609.8 12291.5 12766.8 12456.9 12648.2
15 12610.9 12325.0 12183.3 12049.0 12845.1 12470.8
16 12268.7 12344.5 12412.4 12692.1 12795.3 12728.0
17 12360.0 11992.3 12166.4 12350.6 11927.5 12925.7
18 12005.9 12135.7 12711.5 12708.2 12605.8 12761.4
19 12335.3 12704.2 12693.1 12554.3 11905.7 12321.7
20 12743.5 12587.3 12119.4 12078.1 12605.5 12795.2
Mean 12461.4 12327.6 12452.0 12460.4 12416.4 12498.1
SD 189.66 254.95 298.89 273.84 309.34 323.45
CV(%) 1.52 2.07 2.40 2.20 2.49 2.59
30000
ety s, s, e, o 40000 — - s
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Fig. 14 Nickel distribution in N3(Fe-20mass%Ni) sample

001 026 051 073 101 129

1st Mean 12461.4 12327.6 12452.0 12460.4 12416.4 12498.1
CV(%) 1.52 2.07 2.40 2.20 2.49 2.59

2nd Mean 12500.5 12353.3 12452.4 12450.4 12385.3 12491.8
CV(%) 1.28 2.00 2.56 2.10 2.49 2.56
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Table 16 Conversion factor C and standard deviation u(x) calculated from measured value of EPMA

od0o OoOooooooooocoOooooboooboo

R1 R2 R3 R4 R5
Mean intensity 3992.99 10918.05 14159.50 20341.73 26145.22
BG intensity 121.92 125.50 127.26 129.60 132.58
c 774.52 721.23 706.38 677.42 655.38
Standard deviation 0.00469 0.01727 0.01328 0.02637 0.05042
N1 N2 N3 N4 N5
Mean intensity 3233.39 6256.09 12435.98 25210.49 38896.49
BG intensity 291.91 294.10 301.53 315.88 331.07
c 583.74 593.06 606.06 623.68 642.04
Standard deviation 0.00709 0.02103 0.04198 0.04902 0.03731
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Table 17 Analysis of variance table for measurement value
Fe-5mass%Cr(R1)

Sum of squares Degree of freedom Mean square
Variation between specimen 16994 5 3399
Variation between position 841417 108 7791
Variation between measurement 1898890 456 4164
Fe-15mass%Cr(R2)
Sum of squares Degree of freedom Mean square
Variation between specimen 464821 5 92964
Variation between position 2087435 114 18311
Variation between measurement 6001028 480 12502
Fe-20mass%Cr(R3)
Sum of squares Degree of freedom Mean square
Variation between specimen 263269 5 52654
Variation between position 3613396 114 31696
Variation between measurement 9918340 480 20663
Fe-30mass%Cr(R4)
Sum of squares Degree of freedom Mean square
Variation between specimen 956840 5 191368
Variation between position 6771069 114 59395
Variation between measurement 15385772 480 32054
Fe-40mass%Cr(R5)
Sum of squares Degree of freedom Mean square
Variation between specimen 3275524 5 655104
Variation between position 17795173 114 156098
Variation between measurement 21803788 480 45424

Table 18 Variances among the measurements, measurement positions and specimens

R1 R2 R3 R4 R5
Variation between specimen 0 746.5 209.5 1319.7 4990.0
Variation between position 725.3 1161.7 2206.6 5468.3 22134.6
\Variation between measurement] 4164.2 12502.1 20663.2 32053.6 45424.5

Table 19 Standard deviation and coefficient of variation among specimens calculated by EPMA measurements and chemical analysis
EPMA peak intensity (count)

R1 R2 R3 R4 R5

001 3995.3 10947.9 14152.6 20293.8 26143.9
026 3988.9 10897.2 14163.9 20288.4 26056.8
051 3994.2 10951.9 14125.0 20353.7 26109.1
073 3986.9 10887.8 14147.5 20346.6 26111.8
101 4003.2 10936.1 14179.9 20402.7 26295.0
129 3989.3 10887.4 14188.1 20365.1 26154.7
Mean 3992.9 10918.0 14159.5 20341.7 26145.2

SD 5.98 30.49 22.95 43.75 80.94

CV(%) 0.149 0.279 0.162 0.215 0.309

Chemical analysis (mass%)
R1 R2 R3 R4 R5

001 5.002 14.970 19.856 29.821 39.669
026 4.999 14.966 19.853 29.834 39.664
051 5.001 14.969 19.855 29.812 39.665
073 5.002 14.964 19.862 29.816 39.665
101 5.000 14.956 19.841 29.816 39.692
129 4.993 14.961 19.852 29.809 39.714
Mean 5.000 14.964 19.853 29.818 39.678
SD 0.0034 0.0052 0.0069 0.0088 0.0205

CV(%) 0.068 0.035 0.035 0.030 0.052
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Table 20 Analysis of variance table for sampling position

R1
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 2.80E-05 2 1.40E-05 1.42 0.37
Within group 2.95E-05 3 9.83E-06
Sum 5.75E-05 5
R2
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 1.04E-04 2 5.22E-05 4.74 0.12
Within group 3.30E-05 3 1.10E-05
Sum 1.37E-04 5
R3
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 1.49E-04 2 7.47E-05 2.50 0.23
Within group 8.95E-05 3 2.98E-05
Sum 2.39E-04 5
R4
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 2.73E-04 2 1.36E-04 3.50 0.16
Within group 1.17E-04 3 3.90E-05
Sum 3.90E-04 5
R5
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 1.85E-03 2 9.26E-04 10.92 0.04
Within group 2.54E-04 3 8.48E-05
Sum 2.11E-03 5
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Table 21  Analysis of variance table for measurement value
Fe-5mass%Ni(N1)

Sum of squares Dgree of freedom Mean square
Variation between specimen 34073 5 6815
Variation between position 1136855 114 9972
Variation between measurement 1153275 480 2403
Fe-10mass%Ni(N2)
Sum of squares Dgree of freedom Mean square
Variation between specimen 464989 5 92997
Variation between position 6791240 114 59572
Variation between measurement 2515834 480 5241
Fe-20mass%Ni(N3)
Sum of squares Dgree of freedom Mean square
Variation between specimen 1749408 5 349882
Variation between position 44232723 114 388006
Variation between measurement 7363561 480 15341
Fe-40mass%Ni(N4)
Sum of squares Dgree of freedom Mean square
Variation between specimen 1163951 5 232790
Variation between position 63888838 114 560428
Variation between measurement 13812931 480 28777
Fe-60mass%Ni(N5)
Sum of squares Dgree of freedom Mean square
Variation between specimen 1719443 5 343889
Variation between position 6308641 114 55339
Variation between measurement 18553344 480 38653

Table 22 Variances among the measurements, measurement positions and specimens

N1 N2 N3 N4 N5
Variation between specimen 0 334.2 0 0 2885.4
Variation between position 1513.9 10866.1 74533.1 106330.2 3337.2
\Variation between measurement] 2402.6 5241.3 15340.7 28776.9 38652.7

Table 23 Standard deviation and coefficient of variation among specimens calculated by EPMA measurements and chemical analysis
EPMA peak intensity (count)

N1 N2 N3 N4 N5

001 3239.4 6299.5 12461.4 25171.4 38864.7
026 3228.9 6265.6 12327.6 25184.4 38899.5
051 3223.2 6345.5 12452.0 25164.0 38918.3
073 3232.2 6225.9 12460.4 25280.2 38841.1
101 3230.1 6219.7 12416.4 25259.1 39000.8
129 3246.4 6249.7 12498.1 25203.8 38854.6
Mean 3233.3 6267.6 12435.9 25210.4 38896.4

SD 8.26 47.85 59.15 48.25 58.64

CV(%) 0.255 0.763 0.475 0.191 0.150

Chemical analysis (mass%)
N1 N2 N3 N4 N5

001 5.039 10.034 20.043 39.932 60.018
026 5.045 10.071 19.960 39.911 60.087
051 5.037 10.041 20.030 39.890 60.008
073 5.041 10.057 20.002 39.863 60.056
101 5.037 10.035 20.013 39.886 60.011
129 5.038 10.010 19.964 39.824 59.928
Mean 5.039 10.041 20.002 39.884 60.018
SD 0.0029 0.0209 0.0340 0.0378 0.0538
CV(%) 0.057 0.208 0.170 0.095 0.090
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N1
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 1.78E-05 2 8.90E-06 1.14 0.43
Within group 2.34E-05 3 7.79E-06
Sum 4.12E-05 5
N2
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 1.09E-03 2 5.45E-04 1.49 0.35
Within group 1.10E-03 3 3.65E-04
Sum 2.19E-03 5
N3
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 7.71E-04 2 3.85E-04 0.23 0.81
Within group 5.02E-03 3 1.67E-03
Sum 5.79E-03 5
N4
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 4.64E-03 2 2.32E-03 2.77 0.21
Within group 2.51E-03 3 8.37E-04
Sum 7.15E-03 5
N5
Factor Sum of squares Dgree of freedom Mean square Ratio of variance P-value
Between group 7.53E-03 2 3.77E-03 1.63 0.33
Within group 6.93E-03 3 2.31E-03
Sum 1.45E-02 5

Table 25 Chromium and nickel contents and uncertainties(chemical analysis and EPMA measurement) of reference materials

Standard uncertaintyd O O
Factor

R1 R2 R3 R4 R5
Cr content (mass%) 4.998 14.964 19.865 29.837 39.691
Chemical 0.004 0.009 0.014 0.024 0.035

analysis [Concentration of standard solution” 0.05 0.05 0.05 0.05 0.05
IMean value"” 0.026 0.012 0.033 0.054 0.049
Specimen” 0.065 0.036 0.035 0.029 0.053
IAtomic weight of standard solution” 0.001 0.001 0.001 0.001 0.001
IAtomic weight of specimen” 0.001 0.001 0.001 0.001 0.001

EPMA measurement 0.005 0.017 0.013 0.026 0.05
Conbined standard uncertainty (mass%) 0.006 0.02 0.019 0.036 0.062

Expanded uncertainty(] k=20 (mass%) 0.02 0.04 0.04 0.08 0.13

Y0 Relative uncertainty (%)
Standard uncertainty( O O
Factor

N1 N2 N3 N4 N5
Ni content (mass%) 5.039 10.053 20.002 39.916 60.067
Chemical 0.006 0.022 0.038 0.046 0.062

analysis [Concentration of standard solution” 0.05 0.05 0.05 0.05 0.05
IMean value"” 0.086 0.014 0.074 0.039 0.013

Specimen” 0.071 0.208 0.17 0.095 0.09

IAtomic weight of standard solution” 0 0 0 0 0
IAtomic weight of specimen” 0 0 0 0 0

EPMA measurement 0.007 0.021 0.042 0.049 0.037
Conbined standard uncertainty (mass%) 0.009 0.03 0.057 0.067 0.073

Expanded uncertaint yO k=20 (mass%) 0.02 0.06 0.12 0.14 0.15

Y0 Relative uncertainty (%)

27



ooooooooooono booo 00000000000 0O00000EPMAOOOOOOOOOOOOO

28



ooo OoOooocoooooo

HRERE

4.1 0OO0OOCOOOOOO

4.1.1 000000000

00000000000 0O00EPMACOOOOOOO
gbooooOooooooooooooboobOooDooon
oooooobDooOooOosgoooooo
oooooboooocoooboo bOOoooobooooo
ooood 0.10 0.20 o030 o050 0.70
oboboooooboooooooobooooooood
ooooooo

4.1.2 O0O0O0O0OOOO0OOO0OO

M ooooo
oboboooooboooooooobooooooood

boomoooooooooooooooo™@oon

gobooobOobOoo0ooboO0oboooooooDbOoDOoon

oooooooooooooon
oboooboooooooooocooboooooboooo

Table 260 0 O O

2 o0ooo
gbooboooooboooooooobocoooooood

OO00O0O0OTable 2700000000000C000O000C

gboooooooooooooooo

Table 26 Composition and content of Fe-C alloysO mass%U

ooooboooon

@ oooooo
obooboobooobooooooooooboobocoooa
gbooooobooooooooooooocobocooon
gooobOobobOooOooboOobo0oboooooboooDooon
gboooboobooobooooobooboobooooobooooon
ooooooooo
oood 0o 11,2000 x 1.5 00
oood O ¢ 140mm x £ 230mm
O0000O00OtopObottomO OO O0O0O0O0OOOO
gooobOobooobOooOooboOobo0oobooooobooDoon
gooooooooo
(4 0ooooo
oooboobooobooooooooobooboboooo
goooooobooodoo
gboooobooooooooocobooooobooogn
ooood
oooooooo O (b5 x (W70 x (L) 15mm
oooooo
OO0000O0Table280000
G)Ooo0OoO0ooooo
obooooboobooooooooooboobocboood
goobOOooooooooooooboDbOoDbOobOon

C Mn Mo B Fe
Cl1 0.10 1.00 0.25 0.0015 Bal.
C2 0.20 1.00 0.25 0.0015 Bal.
C3 0.30 1.00 0.25 0.0015 Bal.
C4 0.50 1.00 0.25 0.0015 Bal.
C5 0.70 1.00 0.25 0.0015 Bal.
Table 27 Raw materials in the production of Fe-C alloy ingot (mass%)
Component Material C Si | P | S | Fe (0] | Others
Carbon High-purity graphite
Manganese | Liectrobvtic 0.003 | 0.001 |0.001 |0.025 0.001 0 Mn:
manganese Remains
Molyddenum
Molyddenum tablet 0.001 0.005 0.003 0.003 0.012 0.089 Mo0:99.80
Boron Ferro-boron 0.028 0.38 g O ] a B: 20.38
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Table 28 Heat treatment conditions of Fe-C alloys

C content (mass%)

Heat treatment condition

Cl1 0.100 9250 x 15min - Water quench
C2 0.200 8900 x 15min - Water quench
C3 0.300 8600 x 15min - Water quench
C4 0.500 8150 x 15min - Water quench
C5 0.700 7800 x 15min - Air cooling
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Fig.16  Microstructure of C3(Fe-0.3mass%C) 0 Optical

i 5

r et

microscope image[]

Table 29 Chemical analysis of Fe-C alloys( mass%[]

a

C Si Mn P S Mo solAl insolAl Cu B (0]
C1l 0.095 0.004 0.99 <0.001 <0.001 0.25 <0.001 0.002 0.001 0.0015 0.001
C2 0.197 0.005 0.98 <0.001 <0.001 0.25 <0.001 0.002 0.001 0.0014 0.001
C3 0.290 0.005 0.98 <0.001 | <0.001 0.25 <0.001 0.002 0.001 0.0015 0.001
C4 0.468 0.005 0.99 <0.001 <0.001 0.25 <0.001 0.002 0.001 0.0015 0.001
C5 0.700 0.005 0.98 <0.001 <0.001 0.25 <0.001 0.002 0.001 0.0015 0.001
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Fig.17 EPMA line analysis of C3(Fe-0.3mass%C)
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Table 30 Example of the calibration series

Mass of barium Mass of carbon taken in the
carbonated mg[ tin capsuled mgQ
0 0
16.4 1.0
32.9 2.0
82.1 5.0
115.0 7.0
164.3 10.0
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Table 31 Preparation of the calibration series

Mass of carbon taken in the
. Measured value (mg)
tin capsuled mgQ
0.002 0.0059
0.976 1.0065
1.992 2.0936
5.011 5.1925
7.330 7.6168
8.589 8.8923
0.002 0.0044
0.988 1.0234
2.138 2.2221
4.986 5.1984
7.250 7.4717
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Fig.20 Calibration curve for carbon analysis
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Table 32 Values of the estimated variation s?(b,), s?(b,) and

estimated coefficient of correlation 7(b,/[7b,)

s(b,) 4.276E-05
s*(by) 9.445E-06
r(b,0 by) -0.5214
D 3.401E+09
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o
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Q
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Fig.21 Standard deviation of measured value by calibration
curve method
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Table 33 Analyzed values measured by calibration curve produced using various carbon reference materials (mass%)

Barium carbonate Sodium carbonate Sucrose

C2-11 0.188 0.194 0.194

C2-11 0.188 0.194 0.193

C4-102 0.458 0.470 0.470

C4-102 0.457 0.469 0.469

LECO 0.176mass% 0.174 0.180 0.179
LECO 0.448mass% 0.446 0.457 0.457
JSS151-12 0.388mass% 0.386 0.396 0.396
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Table 34 Results of quantitative carbon analysis of Fe-C alloys

Mass of specimen

Sample Number 0 g0 IMass of carbon(mg)| Content(mass%)
001 1.0313 0.9160 0.0888
026 1.0189 0.9143 0.0897 SD
051 1.006 0.8947 0.0889 0.0008
“ 073 1.0075 0.9088 0.0902
101 1.0787 0.9491 0.0880 Mean
129 1.0329 0.9131 0.0884 0.0890
001 1.0215 1.9178 0.1877
026 1.0628 1.9964 0.1878 SD
051 1.0177 1.9236 0.1890 0.0008
¢ 073 1.0638 2.0011 0.1881
101 1.0308 1.9427 0.1885 Mean
129 1.0791 2.0140 0.1866 0.1880
001 0.9571 2.6921 0.2813
026 1.027 2.8763 0.2801 SD
051 1.0063 2.8376 0.2820 0.0014
© 073 0.9605 2.7096 0.2821
101 0.9868 2.7739 0.2811 Mean
129 0.9917 2.7620 0.2785 0.2808
001 0.8995 4.1420 0.4605
026 0.9316 4.3011 0.4617 SD
051 1.0662 4.9186 0.4613 0.0031
“ 073 0.8711 4.0336 0.4630
101 1.029 4.6731 0.4541 Mean
129 0.7043 3.2423 0.4604 0.4602
001 0.9177 6.3124 0.6878
026 0.8628 5.8174 0.6742 SD
051 0.9189 6.2897 0.6845 0.0054
© 073 0.8656 5.8582 0.6768
101 0.7948 5.3707 0.6757 Mean
129 0.8388 5.7058 0.6802 0.6799
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Table 35 Standard deviation of mass and content of carbon

Number Mfiss of Mass of SFaI}dard Carbon content Standard deviation
specimen(g) Carbon(mg) deviation(mg) (mass%) (mass%)
C1-001 1.0313 0.9160 0.01583 0.0888 0.00154
C1-026 1.0189 0.9143 0.01582 0.0897 0.00155
C1-051 1.006 0.8947 0.01574 0.0889 0.00156
C1-073 1.0075 0.9088 0.01580 0.0902 0.00157
C1-101 1.0787 0.9491 0.01597 0.0880 0.00148
C1-129 1.0329 0.9131 0.01582 0.0884 0.00153
Mean 0.0890 0.0015
C2-001 1.0215 1.9178 0.02039 0.1877 0.00200
C2-026 1.0628 1.9964 0.02077 0.1878 0.00195
C2-051 1.0177 1.9236 0.02042 0.1890 0.00201
C2-073 1.0638 2.0011 0.02079 0.1881 0.00195
C2-101 1.0308 1.9427 0.02051 0.1885 0.00199
C2-129 1.0791 2.0140 0.02085 0.1866 0.00193
Mean 0.1880 0.0020
C3-001 0.9571 2.6921 0.02419 0.2813 0.00253
C3-026 1.027 2.8763 0.02512 0.2801 0.00245
C3-051 1.0063 2.8376 0.02492 0.2820 0.00248
C3-073 0.9605 2.7096 0.02428 0.2821 0.00253
C3-101 0.9868 2.7739 0.02460 0.2811 0.00249
C3-129 0.9917 2.7620 0.02454 0.2785 0.00247
Mean 0.2808 0.0025
C4-001 0.8995 4.1420 0.03163 0.4605 0.00352
C4-026 0.9316 4.3011 0.03246 0.4617 0.00348
C4-051 1.0662 4.9186 0.03571 0.4613 0.00335
C4-073 0.8711 4.0336 0.03106 0.4630 0.00357
C4-101 1.029 4.6731 0.03441 0.4541 0.00334
C4-129 0.7043 3.2423 0.02698 0.4604 0.00383
Mean 0.4602 0.0035
C5-001 0.9177 6.3124 0.04312 0.6878 0.00470
C5-026 0.8628 5.8174 0.04048 0.6742 0.00469
C5-051 0.9189 6.2897 0.04300 0.6845 0.00468
C5-073 0.8656 5.8582 0.04070 0.6768 0.00470
C5-101 0.7948 5.3707 0.03810 0.6757 0.00479
C5-129 0.8388 5.7058 0.03988 0.6802 0.00475
Mean 0.6799 0.0047
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Table 36 Calculation of various uncertainties in carbon analysis

Number Content of Rlative uncertainty(%) Combineq relative Co.mbined
C(mass%) C content Mass Purity uncertainty(%) uncertainty(mass%)
C1-001 0.0888 0.0173 0.0001 0.0093 0.0196 0.0017
C1-026 0.0897 0.0173 0.0001 0.0093 0.0196 0.0018
C1-051 0.0889 0.0176 0.0001 0.0093 0.0199 0.0018
C1-073 0.0902 0.0174 0.0001 0.0093 0.0197 0.0018
C1-101 0.0880 0.0168 0.0001 0.0093 0.0192 0.0017
C1-129 0.0884 0.0173 0.0001 0.0093 0.0197 0.0017
Mean 0.0890 0.0173 0.0001 0.0093 0.0196 0.0017
C2-001 0.1877 0.0106 0.0001 0.0093 0.0141 0.0027
C2-026 0.1878 0.0104 0.0001 0.0093 0.0140 0.0026
C2-051 0.1890 0.0106 0.0001 0.0093 0.0141 0.0027
C2-073 0.1881 0.0104 0.0001 0.0093 0.0139 0.0026
C2-101 0.1885 0.0106 0.0001 0.0093 0.0141 0.0027
C2-129 0.1866 0.0104 0.0001 0.0093 0.0139 0.0026
Mean 0.1880 0.0105 0.0001 0.0093 0.0140 0.0026
C3-001 0.2813 0.0090 0.0001 0.0093 0.0129 0.0036
C3-026 0.2801 0.0087 0.0001 0.0093 0.0128 0.0036
C3-051 0.2820 0.0088 0.0001 0.0093 0.0128 0.0036
C3-073 0.2821 0.0090 0.0001 0.0093 0.0129 0.0036
C3-101 0.2811 0.0089 0.0001 0.0093 0.0129 0.0036
C3-129 0.2785 0.0089 0.0001 0.0093 0.0129 0.0036
Mean 0.2808 0.0089 0.0001 0.0093 0.0129 0.0036
C4-001 0.4605 0.0076 0.0001 0.0093 0.0120 0.0055
C4-026 0.4617 0.0075 0.0001 0.0093 0.0120 0.0055
C4-051 0.4613 0.0073 0.0001 0.0093 0.0118 0.0054
C4-073 0.4630 0.0077 0.0001 0.0093 0.0121 0.0056
C4-101 0.4541 0.0074 0.0001 0.0093 0.0119 0.0054
C4-129 0.4604 0.0083 0.0001 0.0093 0.0125 0.0057
Mean 0.4602 0.0076 0.0001 0.0093 0.0120 0.0055
C5-001 0.6878 0.0068 0.0001 0.0093 0.0115 0.0079
C5-026 0.6742 0.0070 0.0001 0.0093 0.0116 0.0078
C5-051 0.6845 0.0068 0.0001 0.0093 0.0115 0.0079
C5-073 0.6768 0.0069 0.0001 0.0093 0.0116 0.0079
C5-101 0.6757 0.0071 0.0001 0.0093 0.0117 0.0079
C5-129 0.6802 0.0070 0.0001 0.0093 0.0116 0.0079
Mean 0.6799 0.0069 0.0001 0.0093 0.0116 0.0079
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Table 37 Measured values of C3(Fe-0.3mass%C) sample by EPMA[L C-Ka intensity after correction[T] countd
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Fig.24 Carbon distribution in C3(Fe-0.3mass%C) sample

1500

1000

Position

Position 004 029 054 076 098 126

1 1770.6 1731.7 1910.9 1787.3 1787.9 1784.9

2 1775.6 1730.2 1897.4 1838.8 17954 1783.2

3 1769.9 1736.4 1876.5 1791.1 1768.2 1792.9

4 1770.6 1741.9 1885.0 1798.1 1784.7 1771.2

5 1777.2 1754.3 1821.6 1761.7 1799.7 1785.2

6 1758.7 1733.4 1847.3 1746.6 1784.1 1772.8

7 1776.6 1734.9 1837.8 1752.2 1775.0 1763.0

8 1765.8 1736.7 1834.0 1746.0 1780.0 1769.0

9 1764.8 1742.8 1805.5 1769.9 1787.0 1759.6
10 1742.7 1737.8 1799.7 1777.3 1806.0 1777.7
11 1745.2 1748.1 1777.6 1792.6 1819.4 1773.2
12 1755.8 1753.7 1770.3 1765.6 1802.7 1789.2
13 1759.2 1726.7 1912.8 1777.6 1794.3 1776.2
14 1760.3 1749.8 1883.6 1780.7 1777.0 1778.8
15 1757.0 1753.3 1880.9 1755.9 17974 1772.1
16 1758.7 1732.2 1879.0 1747.5 1807.7 1767.1
17 1757.2 1735.6 1851.5 1760.1 1789.7 1758.6
18 1752.4 1723.5 1771.5 1744.6 1768.7 1754.9
19 1759.0 1743.1 1784.6 1751.0 1771.2 1784.6
20 1764.3 1739.6 1799.8 1766.8 1784.8 1783.5
Mean 1762.1 1739.3 1841.4 1770.6 1789.0 1774.9
SD 9.57 8.98 47.87 23.32 13.86 10.67

CV(%) 0.54 0.52 2.60 1.32 0.77 0.60
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Table 38 Standard deviation and variation of measured value
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C1 C2 C3 C4 C5
Variation between specimen 467.5 584.3 1160.4 1698.8 73.5
Variation between position 786.3 903.7 496.0 726.7 378.8
Variation between measurement 2714.2 2792.9 2812.5 4759.4 17950.3
Measurement of EPMA(count)
004 1362.1 1548.5 1762.1 2172.2 2545.8
029 1351.9 1584.5 1739.3 2150.4 2539.8
054 1380.7 1610.2 1841.4 2242.2 2526.4
076 1415.6 1582.2 1770.6 2234.4 2554.9
098 1376.7 1548.3 1789.0 2171.3 2553.3
126 1392.7 1595.7 1774.9 2146.9 2548.5
Mean 1380.0 1578.2 1779.5 2186.2 2544.8
Chemical analysis(mass%) 0.0890 0.1880 0.2808 0.4602 0.6799
Mean of BG 1181.8 1181.8 1181.8 1181.8 1181.8
Variance of BG 1921.5 1921.5 1921.5 1921.5 1921.5
C 2226.6 2108.6 2128.7 2182.6 2004.7
Variance 1.719E-05 2.377E-05 4.377E-05 6.094E-05 4.659E-06
Standard deviation(mass%) 0.00415 0.00488 0.00662 0.00781 0.00216
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Table 39 Regression coefficient of C-Kot intensity changes over the passage of time

Sample 1 26 51

Position Intercept Slope Intercept Slope Intercept Slope
1 4374.5 896.7 4952.1 1254 4373.2 984.1

2 4281.3 1035.3 4791.3 1124.7 4389.8 922.2

3 4334.7 1048.1 4865.9 754 4321.7 977
4 4338 1087.6 4327.9 1114.8 4494.6 1005.7
5 4322.4 1123.2 4310.6 1136.2 4278.2 1196.7

6 4287.2 1064.8 4628.2 973.3 4534.1 851.5

7 41614 1005.4 4933.6 1167.7 4621.2 765.5

8 4228.7 895.5 4332.7 965.1 4693.7 884.2

9 4260.7 1253.1 4297.4 924 4586 968.2
10 4340.2 1097.1 4341.7 930.4 4697.7 846.9
11 4405 842.6 4408.9 2249.3 4503 861.4
12 4279.1 1042.2 4339.9 1085.5 4409.9 1054.3
13 4310.4 1041.4 4538 1101.2 4472 .4 1120.1
14 4266.4 1210.1 4431 997.9 4380.3 1053.3
15 4239 1214.6 4288.3 1109.5 4480.2 1079.8
16 4478.5 951.1 4494.1 1556.3 4372.9 1080.9
17 4385.9 928.7 4370.5 979.4 4405.5 1076
18 4423.8 1001.9 4439.4 894.8 4441.7 1063.2
19 4319.3 1246.7 4155 12234 4351.5 1155.1
20 4489 1000.9 4262.2 1153.6 4428.7 1157.2
Mean 4326.3 1049.4 44754 1134.8 4461.8 1005.2
SD 82.69 117.84 235.77 310.73 116.79 1194
CV(%) 1.91 11.23 5.27 27.38 2.62 11.88
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Table 40 Analysis of variance table for measurement value
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C1 Sum of squares Degree of freedom Mean square
Variation between specimen 2547601 5 509520
Variation between position 4791553 114 42031
Variation between measurement 15959627 5880 2714

C2 Sum of squares Degree of freedom Mean square
Variation between specimen 3161537 5 632307
Variation between position 5469384 114 47977
Variation between measurement 16422331 5880 2793

C3 Sum of squares Degree of freedom Mean square
Variation between specimen 5940036 5 1188007
Variation between position 3147652 114 27611
Variation between measurement 16537612 5880 2813

C4 Sum of squares Degree of freedom Mean square
Variation between specimen 8699476 5 1739895
Variation between position 4684626 114 41093
Variation between measurement 27985461 5880 4759

C5 Sum of squares Degree of freedom Mean square
Variation between specimen 552108 5 110422
Variation between position 4205667 114 36892
Variation between measurement 105547855 5880 17950
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Table 41 Variances among the measurements, measurement positions and specimens

C1 C2 C3 C4 C5
Variation between specimen 467.5 584.3 1160.4 1698.8 73.5
Variation between position 786.3 903.7 496.0 726.7 378.8
Variation between 2714.2 2792.9 2812.5 4759.4 17950.3
measurement

Table 42 Standard deviation and coefficient of variation among specimens calculated by EPMA measurements and chemical

analysis

EPMA peak intensity (count)

C1 C2 C3 C4 C5
004 1362.1 1548.5 1762.1 2172.2 2545.8
029 1351.9 1584.5 1739.3 2150.4 2539.8
054 1380.7 1610.2 1841.4 2242.2 2526.4
076 1415.6 1582.2 1770.6 2234.4 2554.9
098 1376.7 1548.3 1789.0 2171.3 2553.3
126 1392.7 1595.7 1774.9 2146.9 2548.5
Mean 1380.0 1578.2 1779.5 2186.2 2544.8
SD 22.6 25.1 34.5 41.7 10.5
CV(%) 1.64 1.59 1.94 1.91 0.41
Chemical analysis (mass%)
C1 C2 C3 C4 C5
001 0.0888 0.1877 0.2813 0.4605 0.6878
026 0.0897 0.1878 0.2801 0.4617 0.6742
051 0.0889 0.1890 0.2820 0.4613 0.6845
073 0.0902 0.1881 0.2821 0.4630 0.6768
101 0.0880 0.1885 0.2811 0.4541 0.6757
129 0.0884 0.1866 0.2785 0.4604 0.6802
Mean 0.0890 0.1880 0.2808 0.4602 0.6799
SD 0.0008 0.0008 0.0014 0.0031 0.0054
CV(%) 0.93 0.43 0.48 0.68 0.79
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Table 43 Analysis of variance table for sampling position

C1
Factor Sum of squares Degree of freedom Mean square Ratio of variance P-value
Between group 2.10E-06 2 1.05E-06 2.41 0.24
Within group 1.30E-06 3 4.35E-07
Sum 3.40E-06 5
C2
Factor Sum of squares Degree of freedom Mean square Ratio of variance P-value
Between group 1.12E-06 2 5.58E-07 0.80 0.53
Within group 2.10E-06 3 6.99E-07
Sum 3.22E-06 5
C3
Factor Sum of squares Degree of freedom Mean square Ratio of variance P-value
Between group 5.09E-06 2 2.55E-06 1.87 0.30
Within group 4.07E-06 3 1.36E-06
Sum 9.16E-06 5
C4
Factor Sum of squares Degree of freedom Mean square Ratio of variance P-value
Between group 2.69E-05 2 1.34E-05 1.87 0.30
Within group 2.15E-05 3 7.17E-06
Sum 4.84E-05 5
C5
Factor Sum of squares Degree of freedom Mean square Ratio of variance P-value
Between group 1.10E-05 2 5.52E-06 0.13 0.89
Within group 1.32E-04 3 4.41E-05
Sum 1.43E-04 5
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Table 44 Carbon contents and uncertainties by chemical analysis

Carbon content(mass%) Relative standard uncertainty(%) Standard uncertainty(mass%)
C1 0.0890 0.0196 0.0017
C2 0.1880 0.0140 0.0026
C3 0.2808 0.0129 0.0036
C4 0.4602 0.0120 0.0055
C5 0.6799 0.0116 0.0079

Table 45 Carbon contents and uncertainties(chemical analysis and EPMA measurement) of Fe-C reference materials

C1 C2 C3 C4 C5
Analyzed value (mass%) 0.0890 0.1880 0.2808 0.4602 0.6799
Relative standard uncertainty(%)

Calibration curve method 0.0173 0.0105 0.0089 0.0076 0.0069
Gravimetry 0.0001 0.0001 0.0001 0.0001 0.0001

Purity of reagent 0.0093 0.0093 0.0093 0.0093 0.0093

Combined relative uncertainty(%) 0.0196 0.0140 0.0129 0.0120 0.0116
Combined Sta;j;;ii‘;r(‘;fsfgy of chemical 0.0017 0.0026 0.0036 0.0055 0.0079
Standard deviation of specimen(mass%) 0.0008 0.0008 0.0014 0.0031 0.0054
Relative St:}‘s:zir‘g;fz:t?%y of EPMA 0.0466 0.0259 0.0236 0.0170 0.0032
Stanifjsl‘i‘rl;enr;;r(‘gazigMA 0.0041 0.0049 0.0066 0.0078 0.0022
Combined standard uncertainty(mass%) 0.00457 0.00560 0.00766 0.01006 0.00980

Expanded uncertainty(mass%) 0.009 0.012 0.016 0.020 0.020
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