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Kraft and Flinn’s [2] powder X-ray diffraction data obtained from excess-phase particles in
Fe + 18.5 wt% Ni + 20 wt% Cr + B alloys have been analyzed. The major boride phase
was determined to be (Cr,Fe),B (orthorhombic, Fddd, isomorphous with Cr,B). Its lattice
parameters, a = 1.4585 +0.0010 nm, b = 0.7331 £0.0005 nm, ¢ = 0.4223 +£0.0003 nm, are
indicative of the composition (Crqg41008F€0.96+008)B- It was not possible to identify the
phase(s) giving rise to a much weaker set of diffraction lines in the patterns. Of the two
alloys used by Kraft and Flinn as standards, the one intended to be Cr,B was found to be a
mixture of Cr,B and Cr5B3. The second, intended to be Cr;¢Feq B was determined to be
Cr0_67i0_07Fe1_33i0_07B. © 1999 Kluwer Academic Publishers

1. Introduction A major shortcoming of the K/F work was the lack
During a recently completed investigation of boride of indexing of any of the diffraction patterns. Doing
phases in cast nickel-base alloys [1], a study by Kraftso would have provided an accurate determination of
and Flinn (hereafter denoted K/F) concerning boridewhich lines belonged to the major boride phase and
phases in austenitic alloys [2] was reexamined. In thawhich remained to be identified. It also would have
study, K/F extracted excess phase particles from as-cagtade lattice parameter determinations possible. This
Fe+18.5%Ni+20%Cr alloys that contained 0.32, 0.80, could have led them to the realization that the major
and 1.49wt% B. They obtained chromium-radiationboride phase in S2, and that of the extracts, contained
powder diffraction patterns from the excess phase paiiron and chromium atoms. Other investigators [3-5]
ticles extracted from these alloys and from pulverizedhave shown that about two-thirds of the chromium
guantities of two specially prepared alloys (denoted Sitoms in CsB can be replaced by iron. It is conven-
and S2). S1 had the intended compositioaBwhile  tional to refer to such a phase as (CrgBe)it is known
S2, was intended to be F§Cry oB1 0. that the presence of even trace concentrations of boron
Although Aronsson and Aselius [3] had determinedin Fe+Ni+Cr austenites results in the precipitation of
the structure (orthorhombic) and lattice parameters ofCr,Fe}B particles. [6-8] Nickel, in contrast to iron, is
Cr,B in 1958 from single crystal data, K/F were appar-known to be sparingly soluble in ¢B [4, 9].
ently unaware of this result. Since there was no powder The purpose of the present work was to re-examine
pattern for CsB available, they assumed the one ob-the K/F diffraction data with the aim of (a) solving the
tained by themselves from S1 to be correct. When thigatterns for S1 and S2, (b) establishing the fact that
pattern was compared to ones obtained from S2 anthe dominant boride phase in the extracts from as-cast
from the extracts, many common lines were observedsamples of the FeNi+Cr+B alloys was (Cr, FeB,
On this basis K/F concluded that & was the major (c) determining the lattice parameters of this phase
boride phase present in S2 and in the-R+Cr+B  and by comparison with published lattice parameters
alloys as well. A problem arose when a number of ad-attempt to establish its composition, then (d) obtain-
ditional, and generally much weaker, lines were foundng an accurate list of the lines remaining to be iden-
in the diffraction patterns obtained from the extractedtified in the patterns of the extracts. This list was
borides. In order to account for these, K/F proposed th&ised in attempts to determine whether any additional
existence of two additional phasesinthef+Cr+B  phases could be identified in the&i+Cr+B alloy
alloys: CrB and FgB. extracts.
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2. Procedure: programmed solutions TABLE | Indexed Cr-radiation powder pattern of sampl& S1
for diffraction data

The K/F diffraction data consisted of listsaspacings S8 CrsBa

(in nm) for the various samples. As a first step, lines ind(obs) d(calc) d(calc)

the patterns from S1 and S2 believed to be due to th&™ I(obs) ki) (nm) Ok (nm)

presence of GB or (Cr,Fe)B were tentatively indexed. ) ;¢ w 400 0.3675

Then, the Kkl) and associatedtspacings were inputto 357 w 111 0.3577

a weighted least-squares FORTRAN program [10] foro.303 vww 112 0.3063

calculating lattice parameters. The program, which i$-293 m 311 0.2946

based largely on the algorithims of Hess [11], uses th(g%é4 ww 200 02726
. . . . . vw 004 0.2522

Taylor—Sinclair/Nelson—Riley expression for the sys-; 534, W 202 0.9398

tematic errors function. Lines in the least-squares anab 2356 W 211 0.2370

ysis were weighted on the basis of the intensities ree.2286 Vs 511 0.2299
ported by K/F. For example, lines with VVS (very very 0.2107 wvs 131 0.2115 114 0.2111
strong), VS (very strong), and S (strong) intensitiesg'gggg v g% g'sgjf
were weighted 1.0, those with m (medium) intensitiesy ;955 |, ' 213 0.1974
were weighted 0.6 w (weak), 0.3 VW (very weak) 0.2, 0.1950 m 331 0.1959
and VVW (very very weak) 0.1 or 0.0. The program 0.1841 m 040 1.854 204 0.1851
was operated in the Cohen-analysis mode [11]. Awave0-1841 - 022 0.1843
length of 0.2291 nm was used in all calculations. After 800 0.1838
lutions for the patterns reported for S1 and S2 had'+ oo > T 01825
solu p p ) 1720w 310 0.1724
been completed, the data for the boride phase extracts;s7s W 006 0.1681
were processed in the same manner as just described.1649 vs 440 0.1656
0.1649 — 422 0.1648
0.1489 w 911 0.1494
3. Results and discussion 8'5491411 vww :1),21 8-122‘7‘
. vw .
3.1. Sample S1 (Intended to be CryB) 0.1336 W 213 0 1338
The solution for the powder pattern data from sample) 139 840 0.1305
Slisgivenin Table . The sample was found to be a mix-.1300 — 822 0.1302
ture of two phases: @B (orthorhombic, space group 0.1300 931 0.1298
Fddd) and GyB3 (tetragonal, space group 14/mcm). 0.1263 551 0.1264
On the basis of the line intensities reported by K/F, theg'ﬁgg 1511131 001;238
amounts of these phases is estimated to be in the ag-,4, ' 217 0.1241
proximate ratio 9 to 1. The presence of somegBzris  0.1230 413 0.1231

not surprising since GB results from a peritectic reac- 0.1224 1200  0.1225

3m§m|g§§|mw|

tion between a liquid phase containing 31%aB and  0-1224 133 0.1225
CrsB3 at temperatures below about 18[12]. The 027 2 o
lattice parameters (nm) were determined to be: (a) fop ;599 1002  0.1209

the CpB: a = 1.4708+0.0004,b = 0.74194+0.0003, 0.1192 333 0.1192
and c = 0.4250040.00005, and (b) for the 4B3:  0.1165 vs 751 0.1165
a = 0.5452+0.0001 anct = 1.0089+0.003. Given 0.1160 Vs 713 0.1160

the limits of accuracy imposed by the 4 and 5 significant, reported.

figure d-spacmgs reported by K/F (and in the case _Obeecause of interference, the following lines were zero-weighted in the
CrsBgs, by its small volume fraction), these values are inanalysis of the data for 6B the (131), (202)/(620), (040)/(022),
good agreement with the most recently published datét40)/(442), and the (840)/(822)/(931); forBg the (114) and
[13-16]. Itis interesting to note that the unindexed K/Fthe (204).

{)haett\t]aénpfgrffelssuenrxle t(:\ : smeilds_tlagnsdoasr([ilg?ttern foB@r and 1960s. Its cleanliness is apparent from the fact that

The d(obs) values listed in Table | (nm) are thosea" lines reported by K/F could be accounted for as

reported by K/F while thel(calc) values are based on being due tof either GB or (t?rng. Theli'slvefragteh.ran- i
the lattice parameters determined from the data set. A om error of measurement was smatler for this pat-
ern than for any of the others examined here. Even so,

of the K/F patterns were obtained using an 11.46 c . ; . i
diameter powder camera. The systematic error for thiénonv'du"le (kD) in a number of pairs and triplets (for

method, as is well known, has the effect of displacingexamloIe the (0401022), the (440)(422), and the

the lower-angle lines to values greater than the actua‘ls4o)/(8 22)/(931)), having sgfﬂment angular sepa-
diffraction angle. Correspondingly, tltespacings for ration to be read as separate lines, were not resolved.
the lower angle lines are less than the true values. Onl Instances wh_ere this occurred, the lines were usually
for (hkl) in the far-back-reflection region do tliéobs) ero-weighted in the least-squares analysis.
andd(calc) values converge. This effect is apparent in
Table | and will be in later tables as well. 3.2. Sample S2 (Intended to be

The CrB sample was prepared for K/F by R. Steinitz CrioFeq0B10)
who prepared many such samples for other investigaAs shown in Table I, it was possible to index 18 lines
tors (including one of the present authors) in the 1950én the pattern for sample S2 on an orthorhombic basis
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TABLE Il Indexing and diffracted intensities for Cr-radiation powder 3 4. Estimating the compositions of the
pattern of sample S2 (intended to be Be B;)d (Cr,Fe),B phases

d(obs)  d(calc) The next task was to attempt to estimate the composi-

(hkl) I(obs)  (nm) (nm) | for Mn,B  tions of the (Cr,FeB in S2 and in the extracts. Sub-
sequent to the K/F work, other investigators found that

400 w 0363  0.3635 53 the a, b, andc values of the GiB unit cell decrease
111 w 0.353  0.3540 5.2 . :
311 w 0291 02916 49 when chr_omlum atoms are replaced by iron [3—5_]. Were
511 s 0.227 0.2275 28.9 the functional dependence af b, andc on the iron
131 Vs 0.2083  0.2086 45.6 atom concentration in this phase well established, the
202/620 ws 0.2020  0.2204, 0.2022 30.8,30.5 present lattice parameter values could be used to es-
331 m 0.1933  0.1933 14.5 timate the composition of the (Cr,;8 in S2 and in
040/022 w 0.1823  0.1826, 0.18255 23,35 ; . ,
800 _ a 0.1820 15 the Fe-Ni+Cr+B alloy extracts (provided the latter’s
711 m 0.1802  0.1806 20.1 values are not measurably affected by dissolved nickel
531 — a 0.1710 0.5 atoms). Unfortunately, this relationship has not been
;“112/422 S 00-11467373 OOIZL%467382‘ 0.1631 277.5, 17.6 established. In lieu of this, curves were constructed as-
151/113 ‘\’/"\‘I’W 01374  0.374,0.1373 0.2.0.5 suming a I|.near_ relation fa, b, andc on the iron con-
351/313 W 01329  0.1328,0.1328 1107 Centrationin this phase. The data used for_thls purpose
840/822 m 0.1288  0.1288,0.1288 47,115 were thea, b, andc values for CB, as noted in Section
931 — a 0.1282 4.0 3.1, and the Brown and Beernsten result obtained from
iﬁ/fm s a0-1246 02-;5;‘7,0-1246 1132.1, 105 a single crystal of GrgFe, 1Bog [4]. They found the
1200/133 s 01213  0.1213,0.1212 14.4,26.5 lattice parameters (nm) of their crystal be_: 1.457,
260/642 wh 01200  0.1201,0.1199 215 391 P=0.732,andt = O..422. These values are in relatively
1002 _ a 0.1197 18.9 good agreement with = 1.458,b = 0.733, andc =
333 m 0.1180  0.1180 15.2 0.421 reported by Aronsson and Aselius for a boride
751 — ¢ 0.1150 100.0 with nearly the same Cr:Fe atom ratio [3].
713 — ) 0.1149 93.5 The lines marked a, b, and ¢ in Fig. 1 have been
aNot reported. drawn to pass through points in the two data sets
bBroad lines; may also include the (10 0 2). noted above. The intercepts of the lattice constants of

®Diffraction angle is greater than about*8%ine was either too close  sample S2 on these lines occur within the right-most
to I}_he itncident—beam collimator to read or actually impinged on the ghgded region. Thus, the composition of the (CQBG)

|m r . . . .
g(L)Jnin(eile?(ed lines with the followingd-spacings are not included: phasfe in S2 is indicated f[O be(@ﬁio.m Fe1.33:007B.
0.276 (vww), 0.234(w), 0.1958(w), 0.1427 (w), 0.1255(w), and The intercepts of the lattice constants of the (CiBe)
0.1163 (m). phase extracted from the f&li+-Cr+B alloys occur
within the composition range defined by the left-most
shaded region. Thus, these borides are indicated to be

F that i h i h
(space group Fddd), that is, as a phase isomorpho 1 04200870964 0,08

with Cr,B. The lattice parameters (in nm) were deter-
mined to bea = 1.4538+0.0005p = 0.7304+0.0001,
andc = 0.42140-+0.00005. The last two columns in
Table Il compare the visually estimated line intensi- 2™ &Mm otm)
ties reported by K/F with those calculated here for ¢
powder pattern of MgB [18]. The latter has the same
structure and nearly the same lattice parameters, po:
tional co-ordinates, and scattering factors as (CsB-e) i X
alloys. In calculating the MgB diffracted intensities, o074 |- 147 |
the scattering factors for manganese and boron aton
were corrected for dispersion and the Debye-Walle
factor was assumed to be 1.0. The agreement betwe
the two sets of intensities is satisfactory.

-1 0.424

073 [ 145 [ 3 o419
3.3. (Cr,Fe),B in the Fe+Ni+Cr+B alloys
It was possible to index 15, 19, and 20 lines, respec
tively, in the boride phase patterns obtained from the | C
0.32wt% B, 0.80wt% B, and 1.49wt% B samples asy7s L 145 L . 1 o414
due to the presence of the (Cr,;f®)phase. The lat- Crp B 2585 19 Flos
tice parameters (nm) in each case were found to be i (CrFe),B Composition

follows: a = 1.4585+0.0010,b = 0.7331+0.0005,
andc = 0.4223+0.0003. At this point in the present Figure 1 Thelines a, b, and ¢ mark the dependence (assumed linear) of
investigation, it was clear that the lattice parameters the lattice parameters of the (Cr,EB)phase on concentration. The right-

. ostshaded region contains the lattice parameter values for boride-phase
the CeB phase in a”Oy S1 were greater than those 0'!p’)narticles extracted from the F&i+Cr+-B alloys and gives an estimated

the (Cr, FeﬁB phase in the FeNi+Cr+B alloys. The  ean composition of GesFer 34B. The left-most shaded region con-
latter were, in turn, greater than those of the (CpBe) tains the lattice parameter values for the alloys S1 and indicates a mean
in alloy S2. composition of Cf 04Fe 96B.
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3.5. Unidentified lines in patterns their failure to index any of the patterns prevented an
from the extracts accurate compilation of unindexed lines.
A number of lines in the patterns of the extracts re- Because the extract pattern from the borides ob-
mained unindexed after accounting for the (CrBe) tained from the 0.32 wt % B alloy contained the great-
phase. These numbered 18 (out of a total of 33 linesgst number of unindexed lines, it was selected for
for the extract from the 0.32% B alloy, 9 (out of 28 further analysis. All of thed-spacings in this pattern
lines) for the 0.80% B alloy, and 5 (out of 25 lines) for are listed in Table Ill. Thehkl) assigned to lines at-
the 1.49% B alloy. Only one of these lines was listed adributable to (Cr,FeB are given in column 4. The en-
vs, one as s, and four as m in intensity. The remainindire list of d-spacings, including those of unindexed
26 were w, vw, or vww. Micrographs obtained by K/F and already indexed lines, was then compared with
revealed a small concentration of a dark-etching phasé-spacings and intensities in powder patterns. These
they believed responsible for these lines [2]. were (@) calculated by us using published single crys-
None of the unidentified lines in these patterns couldal data [19, 20], and (b) available in the literature
be attributed to the presence of eithegBg or undis-  for phases of the following types: By, (Cr,M)«By,
solved volumes of the matrix phase (austenite). OnlyFeBy, (Fe,MkBy, NixBy, (Cr,Ni}xBy, (Fe,NixBy,
four lines (atd = 0.333 nm,d = 0.160, 0.137, and CrCy, and FgBy where M denoted Cr, and/or Fe,
0.115 nm) were common to patterns from the three asand/or Ni [20, 21]. It was necessary to include carbides
cast alloy extracts. Although K/F suggested that theand borocarbides because the K/F alloys contained 0.03
unindexed lines could be ascribed to the presence df 0.05 wt% C. Confirmation was not obtained for the
two additional phases, CrB (orthorhombic, space grougpresence of any of these phases. The diffraction data do
Cmcm) and FgB (tetragonal, space group 14/mcm), not support the presence of either CrB opBé these

TABLE 11l Cr-radiation pattern of extract from 0.32% B alldy

(Cr,Fe}B Cubic Hexagonal Orthorhombic
d(obs) d(calc) d(calc) d(calc) d(calc)
(nm) | (obs) tkl) (nm) (hkl) (nm) (hkl) (nm) (hkl) (nm)
1 0.425 w 201 0.4251 210 0.423
2 0.404 w 300 0.405
3 0.3618 vw 400 0.3651
4 0.3333 S 222 0.3337 220 0.3338 310 0.3336
5 0.2947 vvw 221 0.2947 020 0.2943
6 0.2805 w 410 0.2803 201 0.2790
7 0.2652 w 331 0.2652 320 0.2652 220 0.2649
8 0.2515 s 410 0.2523 211 0.2521
9 0.2464 w 332 0.2464
10 0.2270 S 511 0.2283
11 0.2169 vvw 501 0.2170
12 0.2089 s 131 0.2092 003 0.2091
13 0.2025 s 202 0.2029 322 0.2025 221 0.2025
0.2025 — 620 0.2027 600 0.2025
14 0.1949 w
15 0.1810 m 711 0.1813
16 0.1668 w 444 0.1668 440 0.1669 620 0.1668
17 0.1635 m 440 0.1637 611 0.1635
0.1635 — 422 0.1637
18 0.1604 w 640 0.1603 620 0.1603 231 0.1605
19 0.1540 vw 612 0.1537 331 0.1539
20 0.1480 w 911 0.1484 643 0.1480 540 0.1480
21 0.1461 vvwW 532 0.1461 140 0.1461
22 0.1428 VW 622 0.1428 240 0.1430
23 0.1385 m 523 0.1386 022 0.1386
24 0.1372 m 531 0.1373
25 0.1292 m 840 0.1293 840 0.1292
0.1292 — 822 0.1292
26 0.1289 vvw 931 0.1288 722 0.1288
27 0.1251 w 551 0.1251 514 0.1251
28 0.1248 w 1111 0.1249
29 0.1218 s 1200 0.1217 930 0.1218
0.1218 — 133 0.1215
30 0.1206 VW 215 0.1206
31 0.1204 w 260 0.1204 522 0.1204
0.1204 — 642 0.1203
32 0.1183 Vs 333 0.1184
33 0.1156 w 860 0.1156 1000 0.1156 250 0.1156

aThed(calc) values were based on the following lattice parameters (nm): (a) for theagubicl.1558, (b) for the hexagonal= 1.3350 anct =
0.6273, and (c) for the orthorhomhic= 1.2145b = 0.5886, andt = 0.3341.
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samples. While six lines associated with the (CrBe) 2. The unidentified lines in diffraction patterns ob-
phase are close to lines expected fosB-dines 3, 15, tained from the F&Ni+Cr+B alloy extracts do not
17, 24, 26, 31), none of the remaining lines expectedierive, as suggested by K/F, from the presence of CrB
for FeB, including the three strongest lines for a Cr- and FeB in these alloys. Although it was possible to
radiation pattern, were reported by K/F. obtain several good fits based on assumed structures
Finally, attempts were made to find structures andeg, hexagonal and orthorhombic) the resulting lattice
lattice constants that could account for the maximunparameters did not match those of known phases in this
number of unidentified lines. The results are of suffi-alloy system. These lines may derive from the presence
cient interest to report here. of a small volume fraction of an impurity-stabilized
(a) Thed-spacings of lines 4, 6, 7, 9, 16, 18, 20, phase.
25, 29 and 33 listed in Table Ill, when multiplied 3. The alloy specially prepared for the K/F investi-
by (12)2, (17)Y?, (192, (22)%2, (48)/2, (52)/2,  gation with the intended composition Brwas found
(61)¥2, (80)2, (90)2, and (100¥?, respectively, to be a two-phase aggregate obBrand CgBs. The
yielded values in the 1.155 to 1.156 nm range. WherCr,B was estimated to comprise about 90% of the sam-
these lines were inputto the weighted least-squares prgle volume.
gram for a simple cubic structure the resulting lattice 4. Lattice parameter determinations made on a sec-

parameter was found to be 1.1558 nm. This does natnd alloy specially prepared for the K/F investi-

correspond to any known phase in4¢i+Cr+B+C
alloy system.

(b) Columns 7 and 8 in Table 11l list the indices and
d(calc) values for the best fit assuming a hexagonal

gation indicate the alloy composition to have been
Cro.66:£0.07F€1.34+0.07B.

structure. The resulting lattice parameters (nmpate  References

1.3350an@ =0.6273. Atotal of 19 lines are accounted 1.
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