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MICROPROBE EVALUATIONS OF GRAIN BOUNDARY SEGREGATION IN
KM4 AND IN100

T. P. Gabb and J. W. Smith

Introduction

HSCT compressor and turbine disks will be subjected to cyclic dwells at maximum
load and strain during supercruise. Cyclic dwells have been shown to promote cracking along
grain boundaries in many modern nickel-base disk alloys (ref. 1-5), due to creep-fatigue-
environment interactions (ref. 1). Comparison dwell fatigue crack growth tests of the EPM
disk program alloy KM4 performed in air and vacuum at 1200°F (ref. S) indicate fatigue-
environment interactions could predominate in the long dwells anticipated in HSCT
applications. It is therefore important to understand the local chemistry of the grain
boundaries and identify any chemical segregation along the grain boundaries.
Microstructural investigations of the current HSR-EPM disk alloys KM4 and IN100 using
transmission electron microscopy (TEM) at NASA LeRC (ref. 6) have indicated very fine
CrpCs carbides of 200-1000A diameter tend to predominate along the grain boundaries,
accompanied by scattered coarser MC carbides of 1500-6000A diameter, and (Mo,Cr);B,
borides of 5000-10000A diameter. Energy dispersive x-ray chemical analyses in the TEM at
a resolution of about 0.1 um could detect no consistent differences in the compositions of
~ or v with respect to their distances from the grain boundaries. However, these analyses
were hampered by foil thickness variations, foil distortions, and detector limitations.

The objective of this study was to evaluate the degree of segregation present at the
grain boundaries in two current EPM disk program alloys, KM4 and IN100, using
wavelength dispersive x-ray (WDX) chemical analyses in the microprobe. The microprobe
is capable of quantitative chemical analyses at a resolution of about 1.5 um. This would
enable quantitative chemical comparisons across a larger scale.

Experimental Procedure
KM4 has a nominal composition (ref. 7) of Ni-12Cr-18Co-4Ti-4Al-4Mo-2Nb-.03C-

.03B-.03Zr(wt.%). IN100 has a nominal composition (ref. 7) of Ni-12.4Cr-18.5Co0-4.3Ti-5.0Al-
3.2M0-0.8V-.07C-.02B-.06Zr(wt.%). Both alloys had a nominal grain size of ASTM 6-7.

The examination was performed in an ARL-SEMQ electron microprobe on metallographic
cross sections of each alloy coated with approximately 2002 of carbon. The microprobe was
consistently operated at an accelerating voltage of 20kV and a beam current of 18 nano-
amps for all measurements. This produced an accelerated volume of approximately 1.5 um
in diameter, which would typically contain the v, cooling 4’, and aging +’ phases in these
alloys. Conventional WDX analog x-ray mapping and x-ray line scan profiles failed to define
any significant chemical anomalies across the grain boundaries, other than scattered boride
particles. A more sensitive technique available is digital point x-ray mapping, a part of the
microprobe antomation program. Counting statistics are greatly improved by this method,
which allows the imaging of subtle variations in chemistry. Count rates in the digital maps
are delineated by a gradient of false color, the extremes being black (lowest counts
detected) and white (highest counts detected). This analysis was performed on typical areas
of both samples at a magnifications of about 2000-4000X, which would define a number of
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grain boundaries and still maintain x-ray definition. In each x-ray image, counts were
acquired for 0.3 sec/point over a 200 X 200 point grid. The completed digital point maps
were then used as a guide to perform conventional quantitative analyses at points in the
same area.

A lithium fluoride spectrometer crystal (LiF, 2d = 4.02671&) was employed for
chromium, cobalt, nickel, and titanium detection. Aluminum was detected using a thallium
acid %thalate crystal (TAP, 2d = 25.75‘&), while a pentaerythritol crystal (PET, 2d =
8.742A) was used for molybdenum. A layered synthetic material crystal (LSM200, 2d =
197.4,3;) was used for boron detection. The pure element was used as a standard in each
case.

Results and Discussion
1. KM4

Figure 1a illustrates a number of grains in a typical field for KM4. The digital point
map for boron corresponding to this image illustrated a distinct boron enrichment along
most boundaries. TEM analyses had only indicated scattered borides, therefore the higher
boron generally observed along the grain boundaries was apparently in solid solution. An
image at higher magnification is provided along with boron, chromium, and molybdenum
maps in Figure 2. High molybdenum and boron concentrations often coincided at scattered
points along the grain boundaries, consistent with (Mo,Cr),B, borides detected previously
in transmission electron microscopy (ref. 6). Some evidence of fluctuating chrome
enrichment along the grain boundaries is apparent, possibly due to the very fine CryCs
carbides observed in TEM, which cannot be resolved in the microprobe.

Quantitative point analyses of the points indicated in Figure 3 are presented in Table
1. The elements Al, Ni, Co, Cr, and Ti were chosen for this analysis, due to spectrometer
limitations in the number of elements which can measured in a timely manner and the poor
counting statistics of the minor elements C, B, and Zr. The data in Table 1 represents no
corrections for the unanalyzed elements Mo, B, Zr, and C. These relatively minor ZAF
corrections are included in Table 2. The averaged values in Table 4 indicate a slight
enrichment of Co and Cr at a statistical confidence of 95%. The higher standard deviations
of the grain boundary measurements may be associated with variability of the grain
boundary orientation within the 1.5 pm diameter volume accelerated in these measurements.
The chromium levels may be variably increased at the grain boundary due to Cry;Cq carbides
within the accelerated volume, and both Cr and Co levels could be increased by the
presence of more v phase along the grain boundaries than within grains.

2. IN100

A typical area of IN100 selected for digital point mapping of boron, chromium, and
molybdenum is illustrated in Fig. 4. Large secondary +’ precipitates within the grains and
along the grain boundaries are indicated by the arrows in the analog backscattered electron
images. The area imaged in the digital micrograph (Fig. 4b) corresponds to the digital point
maps in Fig. 4c-de. Fig. 4c-4e illustrates that boron and molybdenum are generally
concentrated in distinct particles less than 1um in diameter, probably (Mo,Cr);B, borides.
There is only a slight suggestion of boron enrichment along most of the grain boundaries,
less than in KM4. Chromium is enriched along the grain boundaries, but there is no
evidence of a continuous gradient from the grain interior. In addition, the map suggests that
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the level of chromium fluctuates along the grain boundary as in KM4, possibly due to CrCs
carbides.

A series of quantitative point analyses were performed in a specific area of IN100
as before. The region selected for the analyses is shown in Fig. 5. The insert defines the map
area illustrated in Figures 5b (chromium) and Fig. 5¢ (cobalt). The point locations are
illustrated in the micrograph of Fig. 5d. The quantitative point analyses are presented in
Table 4, incorporating the minor ZAF corrections for the unanalyzed elements Mo, V, B,
Zr, and C. Averaged values in Table 4 again indicate slight enrichments of Cr and Co, at
a statistical confidence of 95%. The higher variability of the grain boundary measurements
may again be associated with variations in the grain boundary orientation and Cr,,C carbide
content within the accelerated volume.

Analysis points 16 and 18 are centered in two large secondary +’ precipitates aligned
along a grain boundary. These analysis points give the approximate composition of the
secondary +/, as the size of these particles appears to exceed the accelerated volume in the
measurements. The composition of this secondary ’ indicates higher chromium content than
that typically reported elsewhere (ref. 8), as shown in the comparison of Table 4. The higher
chromium could have a significant influence on the environmental resistance of this 4’ phase
and the grain boundaries. This result is still subject to some concern about the depth of
these particles with respect to the accelerated volume. Bulk chemistry measurements of
filtered 4’ phase extractions may offer an alternative method to confirm this finding.

Summary and Conclusions

Microprobe evaluations disclosed no large scale concentration gradients at the grain
boundaries in either KM4 or IN100, within the resolution limitations of this instrument.
Evidence of general boron enrichment along the grain boundaries was observed in KM4,
but only slight evidence of this was observed in IN100. Quantitative point analyses suggest
slight Cr and Co increases at the grain boundaries of both alloys. This could be attributed
to the presence at grain boundaries of very fine Cr,,C, carbides, and higher ~ phase content,
respectively. However, these features are not resolvable in the microprobe. Quantitative
analyses of coarse secondary v’ at the grain boundaries of IN100 suggested relatively high
Cr content in this . This needs to be confirmed, using wet chemistry of carefully filtered
secondary 4’ phase extractions.
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Alloy and Location Al Ni Co Cr Ti No.
wt. %, Mean + Standard Deviation Points

KM4

Within Grains 3.145+.049 54.311+.294 18.4534.074 12.2544-.077 4.015+.072 9

Grain Boundaries 2.999+4.187 52.883+1.32 18.679+.245 12.735+.348 4.109+.228 9

IN100

Within Grains 5.1144.034 543214343 19.800+.131 13.458+.156 3.975+.137 10
Grain Boundaries 5.008+.078 53.525+4.657 20.184+.299 13.8674.337 3.897+.391 6
G.B. Secondary 4 5.876+.180 58.319-4+1.64 17.4394+.537 9.913+1.004 5.415+.228 2

Table 4. Averaged quantitative point analysis results.

Alloy Al Ni Co Cr Ti Other
at.%
IN100 12.03 54.86 16.34 10.54 6.23 -
Udimet 520 - 73.89 7.22 431 949 1.8Mo,0.31W

Table 5. Comparison of the compositions (at.%) of the secondary v’ along the grain
boundaries of IN100 with the grain boundary 4’ (ref. 8) of a higher chromium alloy,
Udimet 520 (Ni-19Cr-12Co-6Mo-1W-2Al-3Ti-.05C-.005B, wt.%).
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b.
Figure 1. Typical microstructure of KM4: a. backscattered electron (BSE) image showing
grain boundary (g), twin boundary (t), boride (b); b. digital point map of boron
distribution showing boron enrichment along grain boundaries.
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Figure 2. Higher magnification image of KM4 showing probable (Mo,Cr),B, Fn:z-ride pi}l’tiﬂl&:ﬁ:
a. digital BSE image showing grain boundaries (g), boride (b); b. digital point map
of boron distribution.
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Fig. 2. (cont.) ¢. Digital point map of chromium distribution; d. digital point map of

molybdenum distribution.
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Figure 3. Area selected for quantitative point analyses of K_M4: a. BﬁE ?mage with insert
showing mapped area; b. digital point map of chromium distribution.
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Fig. 3. (cont.) ¢. Digital point map of cobalt distribution.
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Table 1. Quantitative point analyses results for KM4, *-grain boundary point.

Analysis Al Ni Co Cr Ti Totals
Point
1 3.147 54775 18.573 12.167 4.037 92.700
2 3.180 54 827 18.595 12.160 4032 92.794
3 3224 54.752 18.675 12.156 3935 92.742
4 3.226 54 866 18.536 12.289 4017 92934
* 5 3115 53 706 18.809 12777 3824 92231
* 6 3124 53249 18.943 12880 3816 §2.012
* 7 2.827 51.850 18.994 12.837 4158 90.666
8 3.176 54 831 18.578 12.182 3 855 92.622
9 3.305 54 756 18.518 12.019 4.047 02644
* 10 3.366 55.022 18.327 11.831 4059 92.605
11 3203 54.941 18.418 12,186 4011 92,759
¥ 12 3182 54.444 18.557 12.428 3.946 92.556
* 13 2.764 50.619 18.909 13.004 4 358 89.654
* 14 2.952 53.087 19.027 12.716 4.350 92133
* 15 3 085 53.362 19.013 12.680 4281 92421
16 3225 53.994 18.608 12.169 3.876 01.872
17 3279 54436 18.631 12.062 3.991 92.399
* 18 3204 53918 18.609 12.553 3839 92123

Fig. 3 (cont.) d. Digital BSE image with the locations of quantitative point analyses.
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Table 2. Quantitative point analyses results for KM4, incorporating ZAF corrections for the
unanalyzed elements 4.0Mo, 2.0Nb, 0.03C, 0.03B, and 0.03Zr, *-grain boundary point.

Analysis
Point

*
CO ~1 QN L B W DN =

*
[erp—
— o \©

*12
*13
* 14
*15

16

17
*18

NASA/TM—2001-210666

Al

3.076
3.108
3.151
3.153
3.044
3.053
2.761
3.103
3.230
3.290
3.130
3.109
2.700
2.885
3.015
3.151
3.204
3.131

Ni

54.400
54.451
54.377
54.491
53.336
52.882
51.489
54.455
54.380
54.643
54.565
54.070
50.262
52.722
52.996
53.621
54.062
53.546

Co

18.456
18.478
18.558
18.419
18.690
18.823
18.872
18.461
18.401
18.211
18.302
18.439
18.786
18.907
18.893
18.490
18.513
18.491

12

Cr

12.266
12.259
12.256
12.389
12.880
12.984
12.939
12.282
12.117
11.928
12.285
12.528
13.104
12.815
12.779
12.269
12.161
12.655

Ti

4.075
4.070
3.972
4.054
3.861
3.853
4.199
3.892
4.085
4.097
4.049
3.983
4.402
4.392
4.322
3.913
4.029
3.875

Totals

98.363
98.456
98.403
98.596
97.901
97.684
96.349
98.284
98.302
98.258
98.420
98.220
95.343
97.811
98.094
97.534
98.058
97.788



b.

Figure 4. Typical microstructure of IN100: a. analog BSE image; b. magnified digital BSE
image with arrows indicating coarse secondary -/ precipitates at grain boundaries;
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Fig. 4. (cont.) ¢. Digital point map of boron distribution; d. digital point map of chromium
distribution.
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Fig. 4. (cont.) e. Digital point map of molybdenum distribution.
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Figure 5. Area selected for quantitative point analyses of IN100: a. BSE image with insert
showing mapped area; b. digital point map of chromium distribution.
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Fig. 5. (cont.) c. Digital point map of cobalt distribution.
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Table 3. Quantitative point analyses results for IN100, incorporating ZAF corrections for
the unanalyzed elements 3.2Mo, 0.8V, 0.06C, 0.02B, and 0.06Zr, *-grain boundary

point.

Analysis Al
Point

L= =R s N R N WL N

5101
5.102
5.166
5.147
5.153
5.073
4978
5.007
5.075
5141
5.091
5.089
4 986
5.004
5.153
5.749
4918
6.003

Ni

53.847
54.503
54.258
54.062
54,640
53.936
53.567
53.791
54 358
54,192
54.420
34.994
53 345
53.622
54,416
57.159
52.406
59.479

Co

19822
19,750
19.923
19.714
19.763
20,001
20175
20.148
19.872
19.917
19,609
19.624
20.534
20,523
19.829
17818
19 897
17.059

Cr

13.705
13.305
13.538
13 482
13.29]
13.586
13.730
13.795
13.491
13.608
13.287
13.284
14.307
14.250
13.477
10,623
13.640
9.203

Ti

3.769
4.012
3954
4112
4.120
3759
i 664
3.760
3.870
3968
4069
4113
3.661
3.750
3 864
5.254
4 680
5576

Totals

100.384
100813
100.980
100.657
101.106
100.496
100.253
100642
100 807
100.967
100.617
101.245
100972
101.289
100 880
100,743
99 681

101.461

Fig. 5 (cont.) d. BSE image with the locations of quantitative point analyses.
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