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Effects of Alloying Elements on Mechanical Properties,
Corrosion Resistance and Shrinkage.
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I. Introduction
The effects of silicon and carbon, the main constituents of the alloy in question,
on the mechanical properties, corrosion resistance and shrinkage of acid-resistant high-
silicon irons have already been reported by the authors.)> Successively, in the present
investigation, the effects of various alloying elements, i.e., manganese, phosphorus,
sulphur, nickel, cobalt, chromium, molybdenum, tungsten, vanadium, titanium, alumi-
nium, copper, tin and arsenic on these properites have been studied.

II. Method of Experiment
The method of e xperiment applied was exactly the same as that adopted in the
previous study.’” Therefore, its description in details will be omitted here, except a

fact that the specimens used were always in the as-cast state for all kinds of test.

IIT. Preparation of Specimen

The specimens, containing the above-mentioned alloying elements in varying
quantities and, in addition, about 15 pct of silicon and about 0.5 pct carbon, were
prepared by using the materials given in Table 1 in the same process as in the
previous experiment. The method of addition of the alloying elements was as follows:
electrolytic nickel was charged at cold state together with other materials in a crucible
before melting. Low-carbon ferro-molybdenum was also used in the same manner.
The other alloying materials were thrown into the melt when the maximum melting
temperature was attained. Particularly, titanium, aluminium, arsenic and tin were
plunged into the melt by means of a phosphorizer. The melt was thoroughly mixed
by stirring and poured into shell moulds after being kept in the furnace for about
fifteen minutes.

The melting and casting temperatures were set to be 1450°C and 1300°C respec-
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tively. The shapes of specimens, their dimensions, and finishing were all the same

as in the previous experiment.

Table 1. Composition of Alloying Materials, Wt pct
’ Ferro-alloys
1
’ Materials l \ C ) Si ] Mn ’ P ‘ S ‘ Cu [
i N N
High-silicon iron A 042 15.34 0.36 0.009 . 0.006 | 0024 |
High-silicon iron B 0.52 14.20 043 0.011 0.014 0.024 l
Ferrosilicon 0.03 75.8 0.12 0.008 0.001 0.005
White cast iron 3.50 0.01 0.03 0.008 0.012 0.010 “
Ferrophosphorus 0.051 0.23 0.15 25.0 ‘ 0.005 | 0.32 i
Ferrosulphur — 0.07 | 0.60 0.053 . 31.1 0.07
Ferrochromium Cr, 63.60] 0.07 0.29 tr. 0.033 | 0.019 | 012 |
Ferromolyhdenum Mo, 60.61| 0.044 2.36 0.088 0.079 ‘ 0.067 147 | Al 096
Ferrotungsten W, 80.02| 0.08 004 | 002 | 0026 i 0006 0.046{ é}: 8'8%2?
Ferrovanadium V, 4258 1.25 2.91 | 0.32 0.111 1 0.067 | 019
Pure metals
Manganese (Electrolytic) 99.9 Aluminium (Electrolytic) 99.996
Nickel (Electrolytic) 99.56 Copper (Electrolytic) 99.9
Cobalt 28.0 Tin (Electrolytic) 99.9
Titanium (Kroll process) above 99.3 Arsenic 99.0

IV. Experimental Results and Consideration

In the following, the experimental results and some consideration based upon
them shall be described within the range of the present experiments.

(A) Effects of Manganese

In the preceding study,” in which the effects of silicon and carbon were in-
vestigated, the manganese contents were kept approximately constant at from 0.3 to
0.4 pct.

were prepared. The results are given in Table 2 and shown in Figs. 1, 3, and 5.

In the present study the specimens containing from 0.8 to 6 pct of manganese

The transverse strength decreases as the managenese content increases over about
0.5 pct and shows the value of 18kg/mm? in the alloy containing about 6 pct manga-
nese. The deflection of the alloys containing 1 to 2 pct manganese is a little larger than
that of the oridinary high-silicon iron, which is the base alloy containing about 15 pct
silicon, 0.5 to 0.6 pct carbon, 0.3 to 0.4 pct manganese, and small quantities of
impurities but not any of the special alloying elements.

The Rockwell C hardness, which is greatly affected by the type and size of
graphite,” becomes higher when manganese is added, showing an almost constant

value of 50 to 52 in the alloys having 1 to 6 pct manganese. As to the micro-Vickers
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Table 2. Effects of Manganese

- Corrosion Type and
Speci- Com?%s)ltxon T;f;s‘ g:' Hardness** |loss in weight| Shrinkaget+ zige o?
m;}n s:rength tiocn- (Egs/émzéél D graphite
0. . 9 2950, 1 _ 4| according
Mn Si C | (kg/mm?) | (mm) ‘(HRC) (HMV)(1 10)a: 1) %) (4, ~) to ASTM
*
221 048 | 469 | 614 265 D-7,8 60%
0.30 | 15.07| 0.61 3.16 | 3.26 ’
1 226 043 | 435 | 628 265 D-6 40%
2241 | 046 | 452 | 621 2.65
20.9 0.45 | 43.8 | 580 297 A-6 50%
0.84 | 15.21| 0.5 1.27 | 2.90
2 0 21.6 044 | 442 | 585 2.97 D-8 50%
21.3 045 | 43.6 | 583 297 | 42
085 | 15.14| 049 215 044 | 521 613 166 | 314 2.81 D8
3 ) : | 215 042 | 5101 639 | : 286 -
21.5 043 | 51.6 | 626 284 | +1
21.8 049 | 450 | 549 2.65 B-7 50%
1.03 | 14.94| 054 251 | 3.48
4 21.8 049 | 445 | 562 3 270 D-8 50%
21.8 049 | 44.8 | 556 268 O
162 | 1515 055 220 047 | 498 | 579 Lo7 | 304 2.38 D8
5 ) ) ’ 19.3 044 | 516 | 608 ' ’ 259
207 046 | 50.7 | 594 249 | -1
19.2 047 | 437 | 608 254 A6 80%
1.77 | 15.05| 056 205 | 3.88
6 7 19.2 0.47 | 43.9 | 608 2.64 E-6 20%
192 047 | 438 | 608 259 | 0
000 | 1518| 048 19.1 040 | 514 | 661 206 | 310 243 D8
7 ’ ' ’ 19.1 0.40 | 52.8 | 676 ’ ’ 2.32
19.1 040 | 52.1 | 669 238 | -2
520 | 15.29! 055 187 044 | 515 | 732 o0t | 348 2.27 -
8 ' ’ ’ 18.1 0.40 | 503 | 701 ’ ) 232 h
18.4 042 | 509 | 717 230 | -3
562 | 1520] 053 18.0 0.36 | 495 | 708 a6 | 374 216 D8
9 ) ’ ’ 18.0 0.36 | 487 | 667 ’ ’ 227
18.0 0.36 | 49.1 | 688 222 | —4

t The figures in Gothic type indicate the average values.
1t Since the shrinkage of high-silicon irons was affected sensitively by the silicon and carbon
contents?, each value of shrinkage for alloyed high-silicon irons was compared with that
of the ordinary alloy having the same content of carbon and silicon, and the increase and
decrease in the shrinkage value from the standard value of the ordinary alloy are repre-
Each change of 0.1 pct in the percentage

sented by the symbols -+ and — respectively.

of shrinkage is represented by +1 or —1.
* The symbol D-7 corresponds to the type D and the size 7.
** The symbol HRC represents the Rockwell C hardness.

The symbol HMV represents the micro-Vickers hardness measured on the « phase under the

load of 50 g.
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Fig. 6. Effects of alloying elements on the corrosien of high-
silicon irons in hydrochloric acid (1:1) at 80°C, (2).

hardness of the & matrix of the specimens, marked with HyV in Table 2, any clear
change is not perceptible up to about 2 pct manganese, though the higher hardness
value is observed in the alloys containing over 3 pct manganese.

The corrosion resistance to sulphuric acid is improved by the addition of manga-
nese up to about 5 pct and 1 to 2 pct addition is the most favourable. The effect of
;.manganese on the corrpsion resistance to hydrochloric acid can scarcely be observed.

The shrinkage does not vary up to 2 pct manganese addition and decreases with
its further additions.

Most of the microstructure of the specimens counsists of the very fine eutectic
graphite in the a matrix as shown in Photo. 1. In the specimens with higher con-
tents of manganese, another phase appears at the grain boundary of the a phase as
shown in Photo. 2. It may be considered as a kind of carbide and its quantity
increases with manganese contents. According to Hurst and Riley,* manganese acts
as a carbide stabilizer in high-silicon irons; hence, in the alloys containing over 2 pct
manganese, a carbide phase appears in considerable amounts even in the sand casts
and it decomposes on annealing at 800 to 900°C. The formation of the carbide phase
may be considered to be one of the factors that cause the transverse strength to
decrease with manganese contents.

Manganese seems not to improve the properties of the high-silicon irons excepting
the corrosion resistance to sulphuric acid and, consequently, the addition of this

element should be restricted to less than 1 pct.
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(B) Effects of Phosphorus

In the specimens of the ordinary high-silicon iron used in the previous study,
the phosphprus content was kept in the range from 0.009 to 0.014 pct. In the present
investigation, tests were carried out on the specimens containing from 0.045 to
0.70 pct of phosphorus. The results are given in Table 3 and shown in Figs. 2, 4,
and 6.

Table 3. Effects of Phosphorus

ies Corrosion Type and
Speci- COID(I;;J gltmn Trans. | De- Hardness [loss in weight| Shrinkage };il;e of
men ° ;/erseth ?'ec- (mg/cm?-4 hr) graphite
No. P . Si C (Skr?lxlngmz) (,f,ﬁ) (HRC) |(HMV) HZSOﬂ HCI @) I+, ) according
g @:10@a:n| V" 7 1o ASTM
228 043 | 45.7 | 623 2.70 D-8 709
0.014 | 14.85| 0.53 284 | 3.38 70%
1 226 0.43 | 440 | 613 2.65 A-6 30%
22.7 043 | 448 | 618 268
23.2 055 | 442 | 593 211 D-8 50%
0.045| 14.90| 0.68 3.03 | 3.96
2 224 055 | 43.1 | 580 211 A6 50%
22.8 0.55 | 43.7 | 587 211 | -2
224 0.60 | 38.3 | 584 2.16 B-5 50%
0.055| 15.02| 0.61 2.56 | 3.89
3 215 059 | 39.9 | 571 2.16 D-8 50%
22.0 0.60 | 39.1 | 578 216 | —4
217 | 050 | 45.7 | 650 216 B-5 509
0.16 | 1473} 0.67 216 | 5.21 %
4 221 0.19 | 45.0 | 614 2.22 D-8 50%
219 0.50 | 454 | 632 219 | -1
214 053 | 40.8 | 561 243
0.25 | 14.93| 0.60 1.78 | 4.96 B-5
5 21.9 050 | 427 | 545 243
21.7 0.52 | 41.8 | 553 243 | -1
A-6 30%
220 050 | 47.0 | 618 2.38
0.28 | 15.13| 051 1311 5.15 B-7 30%
6 226 045 | 45.1 | 644 240 D-8 40%
22.3 048 | 46.1 | 631 239 | -2
221 048 | 48.2 | 666 2.22
0.40 | 14.90| 0.58 154 | 5.39 D-8
7 219 0.46 | 19.6 | 689 227
22.0 0.47 | 489 | 678 225 | -3
226 042 | 48.2 | 724 2.38 B-7 509
0.10 | 15.23| 047 0.66 | 5.20 %
8 218 042 | 496 | 739 240 D-8 50%
22.2 042 | 489 1732 239 | -2
19.2 0.36 | 50.8 | 705 2.38 B-7 80%
070 | 15.13] 045 0.80 | 4.20
9 19.3 0.40 | 49.6 | 689 240 D8 20%
19.3 0.38 | 50.2 | 697 239 | -2
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The transverse strength shows an approximately constant value of 22 kg/mm?® up
to about 0.4 pct of phosphorus, and with further increase of the phosphorus content
it drops continuously to 19 kg/mm? in the alloy containing 0.7 pct of phosphorus. The
deflection of the alloys with 0.045 to 0.4 pct of phosphorus is a little larger than that
of the ordinary high-silicon iron, but it becomes smaller with higher phosphorus
contents.

The Rockwell C hardness does not vary up to about 0.4 pct phosphorus but it
rises to 50 at 0.7 pct phosphorus. The micro-Vickers hardness of the « matrix is
enhanced slowly with phosphorus content and reaches about 700 in the alloys con-
taining from 0.4 to 0.7 pct of phosphorus.

The corrosion resistance to sulphuric acid is improved by the addition of phos-
phorus. On the contrary, in hydrochloric acid the corrosion loss is increased remark-
ably by small additions of phosphorus.

The shrinkage is decreased by the addition of phosphorus.

In the microstructure of the phosphorus-containing high-silicon irons, graphite
exists generally in the form of eutectic and rosette as seen in the ordinary high-silicon
iron. According to Hurst and Riley?® phosphorus also acts as a carbide stabilizer
and when more than 0.2 pct of it is added to high-silicon irons it forms a carbide-
phosphide complex at the grain boundary of the a phase and a dispersed phase of
phosphide in the & matrix in the sand cast specimens. In our study, similar results
were obtained, although the melting and casting cpnditions in the preparation of the
specimens were somewhat different. The carbide-phosphide complex first appears in
very small amounts in the specimen No. 3 in Table 3 containing 0.055 pct phosphorus,
and a further increase in phosphorus content is accompanied by an increase in the
amount of this phase as shown in Photos. 3 and 4. At the same time, in these
photomicrographs, the dispersed phosphide phase mentioned above is seen in the «
matrix. Furthermore, the microstructure of the specimens shows that the graphite
flakes are replaced in considerable proportion by the carbide-phosphide complex when
their phosphorus content increases. The decrease of the transverse strength and
deflection and the increase of the hardness which take place in the specimens with
over 0.4 pct phosphorus may be due to the presence of the carbide-phosphide com-
plex phase.

Phosphorus in small quantities of less than 0.4 pct has good effects on high-
silicon iron in improving its corrosion resistance against sulphuric acid and to increase
the deflection. These advantageous effects, however, are counteracted by the unfavour-
able effects of this element on the corrosion resistance to hydrochloric acid and the
transverse strength. Therefore, the phosphorus content should be limited to as small

a quantity as possible, practically less than 0.05 pct.
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(C) Effects of Sulphur

The sulphur content was kept almost constant in the range from 0.006 to 0.020 pct
in the ordinary high-silicon iron. In order to investigate the effects of sulphur, from
0.05 to 0.12 pct of it was added to the ordinary high-silicon iron.

The results of the experiment are given in Table 4 and shown in Figs. 2, 4, and 6.

Table 4. Effects of Sulphur

i Corrosion Type and
Speci- Com%osmon Trans- | De- Hardness |loss in weight| Shrinkage }sripze of
(%) verse flec- 240 C
men - (mg/cm?-4hr) graphite
No. 758 | ¢ | i | ) (0o ey B550y] HOL V0 [y ) according
g (1:10)1:n i '\7? * 7 to ASTM
221 048 | 469 | 614 265 D- 9
0.006 | 15.07| 0.61 3.16 | 3.26 7,860%
1 226 | 043 | 435 | 628 2.65 D-6 40%
224 0.46 | 452 | 621 2.65
208 | 045 | 434 | 623 2.27 '
0.052| 14.88| 0.67 411 | 284 B-5
2 226 | 048] 414 | 623 232
217 | 047 | 424 | 623 230 0
218 | 050 | 38.0 | 623 238 B-5 50%
0.081| 14.99| 0.61 5.07 | 249
3 218 | 050 | 415 | 623 243 D-8 50%
21.8 | 050 | 39.8 | 623 241 | -1
B5  30%
226 | 057 | 399 | 608 227 o
0.088 | 14.92| 0.64 4.33 | 2.66 A5 30%
4 226 057 | 385 | 608 238 D-8 40%
22.6 | 0.57 | 39.2 | 608 233 | -2
0.10 | 1481] 0.63 215 050 4101 613 440 | 239 232 B-5
5 | |7 ' 228 051 | 400 | 584 | | 232
22.2 0.51 | 40.5 | 599 232 | -2
23.2 053 | 451 | 618 2.16
0.12 | 14.80| 0.62 5.97 | 247 B-5
6 226 050 | 43.6 | 623 2.16
22.9 0.52 | 444 | 621 216 | —3

The transverse strength of high-silicon irons is scarcely affected by the sulphur
addition in the scope of this experiment and shows approximately a constant value of
22-23 kg/mm? of the alloys containing sulphur up to 0.12 pct. The deflection of the
sulphur-containing high-silicon iron is larger than that of the ordinary one.

Both the Rockwell C hardness and micro-Vickers hardness of the « matrix in
these alloys are approximately the same as those of the ordinary high-silicon iron,
showing respectively about 40 and 600 to 620.

- The corrosion resistance to sulphuric acid is reduced by increasing sulphur con-
tent. The corrosion resistance to hydrochloric acid is improved somewhat by sulphur

additions.
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The shrinkage decreases with sulphur content.

In the specimens of higher sulphur contents, graphite appears in the form of
comparatively coarse flakes of rosette type, and manganese sulphide particles exist
here and there in the « grain partly associated with graphite fakes as shown in
Photo. 5. These crystallites of gray colour®’ increase in number and size as the sul-
phur content increases.

In the present experiment, it was observed that the sulphur addition to high-
silicon iron melt was very difficult and the sulphur recovery was very small. This
may be attributable to the effect of silicon on the activity of sulphur. Let us consider,
for example, of a high-silicon iron containing 15 pct of silicon, 0.6 pct of carbon,
0.3 pct of manganese, and 0.01 pct of sulphur. According to Sherman and Chipman,®
the acitivity coefficient of sulphur, f; in a bath of this high-silicon iron can be given

in the following equation:

Fo=f K[43
o log fy=log f/+log f5'+log f5 +1log f3™
where f;’ represents the activity coefficient of sulphur in the simple Fe-S alloy of
the given percentage of sulphur, f3 ¢ represents the ratio of the activity coefficient of

sulphur in the ternary Fe-S-Si alloy to fy’, and fsC and fﬁ” " have the same meaning
as f St According to the data of Sherman and Chipman® at 1600°C,

For 0.01% S-evevrveriiennnnn log £/ =0.00
For 15% Si +rreeerrrvvernnens log /5% =1.7
For 0.695 C oereerervesreenns log fsC =010
For 0.3% Mn oovevenvennn log fé”":—o.m
Total=log f;, =+138
fs =63

The value of log 73 for the alloy containing 15 pct of silicon was obtained by
extrapolation of the curve for the alloy of less than 9 pct silicon.®> The result
obtained here means that the sulphur in this alloy has 63 times the escaping pressure
as it will have in a bath containing only iron and sulphur at the same percentage
and temperature.

The sulphur content in high-silicon irons should be limited to less than 0.05 pct
because of its detrimental effect on the corrosion resistivity to sulphuric acid.

(D) Effects of Nickel
The results of experiment on the effects of nickel are given in Table 5 and

shown in Figs. 1, 3, and 5.
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Table 5. Effeets of Nickel
. Corrosion Type and
Speci- Com(%o§1t1on Trans- De- Hardness |loss in weight| Shrinkage éi’e of
men o verse ﬂ_ec- (mg/cm?-4hr) graphite
No. ) . strength | tion H,80,| HCl according
Ni Si C |(kg/mm?) | (mm) |(HrC) (HMV)(12: 16)‘ a:n (%) (+:-) to ASTM
| 221 048 | 469 | 614 | 2.65 D-7,8 60%
L 15071 0611 556 | 043 | 435 | 628 | >0 320 Hig D6 40%
22.4 046 | 452 | 621 2.65
2456 054 | 427 | 633 222
g | 007 | 15.02| 064 26.0 056 | 422 | 613 | 178 | 245 | 222 D-7
25.8 0.54 | 429 | 603 2.22
25.5 0.55 | 42.6 616 222 | -3
249 053 | 450 | 644 232
g | 0.24|1498) 068 | 249 053 | 440 | 614 | 168 | 146 | 227 D-8
26.0 057 | 452 | 629 222
25.3 0.54 | 44.7 | 629 227 | -3
412 | 603 238
4 | 0521505 072 — — | 407 | 618 | 232 | 1.96 | 232 B-6
407 | 618 227
409 | 613 232 | -3
264 053 | 51.0 | 608 238
5 | 0711511 065 255 049 | 51.0 | 603 | 2821 160 | 238 D-8
271 051 | 520 | 613 2.30
26.3 051 | 513 | 608 235 | —2 ‘
25.4 054 | 441 | 613 2.38 ~ o/
¢ | 1201530 071| 249 | 050 457 613 | 185 | 136 232 De 2%
243 050 | 46.0 | 603 235 o
24.9 051 | 453 @ 610 235 -1
25.0 053 , 455 : 608 2.27
7 | 158 | 1463 063 25.0 053 | 458 | 603 | — | 146 | 227 D-8
235 050 | 452 | 608 222
24.5 052 | 455 | 606 225 | -2
217 056 | 469 | 623 243 N
g | 196 1505 066 216 | 055| 461 | 623 | 214 160 | 243 55 30
21.6 055 | 464 | 644 243 %
21.6 0.55 | 46.5 | 630 i 243 | -1
23.2 052 | 45.8°| 614 232
g | 2101517 056 226 049 | 454 | 634 | 232 | 139 227 D-8
2238 051 | 448 | 644 2.30
| 22.9 0.51 | 453 | 631 230 | -3
; 22.6 053 | 40.8 | 603 2.27 g N
0 | 225 1480 058 221 | 052 409|598 | — | 152 227 De oo
; 224 0.53 | 40.0 | 593 2.22 4
1 224 | 053 | 40.6 | 598 225| -3
24.2 053 | 414 | 613 254
11 | 298| 1553] 051 23.3 053 | 417 | 613 | 261 | 1.17 | 243 B-6
23.2 053 | 427 | 603 249
23.6 0.53 | 419 | 610 249 | -2 |
251 059 | 47.2 | 633 2.38 B7 109
12 3.81 | 15.20| 051 24.9 057 | 478 | 644 | 455 | 1.63 | 2.38 D-8 900/”
249 057 | 47.3 | 633 2.38 “
250 ' 058 | 47.4 | 637 238 | -2
245 058 | 45.1 | 613 2.19 N
13 | 5031508 059 245 | 058 | 440 | 619 | 905 | 154 | 211 o ?84’
23.0 051 | 447 | 645 227 °
24.0 0.56 | 44.6 | 626 219 | -4
2)8 050 | 50.2 | 629 2.08
14 | 8431553 056 19.2 050 | 501 | 623 | 7.34 | 191 | 205 D-8
19.0 050 | 505 | 623 205
19.7 0.50 . 50.3 | 625 2.06| —6
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The transverse strength is increased by the small additions of nickel, and shows
about 25kg/mm? in the alloy cortaining about 0.25 pct of nickel. The maximum
value of about 26 kg/mm? is attained at a nickel content of about 0.7 pct. Over this
percentage, the transverse strength decreases as about 2 pct of nickel is approached,
at which it shows a minimum value of 22 to 23 kg/mm?; then it rises again and
reaches 24 to 25 kg/mm?® at 4 to 5 pct of nickel content. Upon further additions of
nickel, it decreases again and reaches about 20 kg/mm? at 8.4 pct of nickel content.
The deflection of high-silicon irons increases when nickel is added.

The Rockwell C hardness is not affected by the addition of nickel up to about
0.5 pct, and it increases somewhat with further addition of nickel. The micro-Vickers
hardness of the « matrix of the specimens is almost equal to that of the ordinary
straight alloys.

Nickel up to about 3 pct improves the corrosion resistance to sulphuric acid.
Above this percentage, however, the element markedly reduces the corrosion resistance
as the nickel content increases. The corrosion resistance to hydrochloric acid is
improved considerably by nickel additions in a wide range of from 0.2 to 8 pct.

The shrinkage is decreased by the addition of nickel, especially in large quantiiles.

Microscopic examination of the specimens shows that graphite appears, in general,
in a fine eutectic or rosette form as shown in Photo. 6. In the alloys containing more
than 5 pct of nickel, a new phase is observed and it increases in amounts with the
increase of nickel. Photo. 7 shows this phase which probably is a kind of nickel
silicide.®

The silicide seems to have an unfavourable effect on the transverse strength of
the alloys. According to the results above mentioned, the addition of nickel of less
than 1.0 pct has good effects on the transverse staength and corrosion resistance to

sulphuric and hydrochloric acids and the optimum content of nickel is 0.5 to 0.8 pct.

(E) Effects of Cobalt

The results of experiment on the effects of cobalt are given in Table 6 and
shown in Figs. 1, 3, and 5.

The transverse strength is considerably increased by the addition of cobalt. The
maximum value of about 27 kg/mm? is found at about 0.3 pct cobalt content, and
over this percentage it decreases as the cobalt contents increase up to about 1 pct
of cobalt, and then increases again as shown in Fig. 1. The deflection seems to be
slightly larger than that of the ordinary alloy.

The Rockwell C hardness of the alloy containing cobalt of less 1 pct is nearly 50 and
is higher than that of the ordinary straight alloys. The hardness of the alloys of
higher cobalt contents is generally low owing to the growth of graphite flakes as

shown in the last column of Table 6. The micro-Vickers hardness of the a matrix
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Table 6. Effects of Cobalt
. Corrosion Type and
Speci- Com(;())(/)§1twn Trans- ge Hardness |loss in weight| Shrinkage SYiI;e of
men o S;'féigth tion (mg/cm*4hr) grapite
No. H,S0,| H di
N | o ‘ Si | ¢ |(g/mm?) | (mm) |(HRO) VR Cll) @) [+ ) 2N
228 | 043 | 457 | 623 270 D8 70%
L 1485] 053 | 5o | 043 | 440 613 | 284 | 338 965 A6 30%
227 | 043 | 448 | 618 2.68
246 | 048 | 440 | 603 238
, | 009 | 1486 056| 246 | 048 | 430 | 637 | 202 | 342 | 238 o3 gngﬂ
26.0 054 | 440 | 633 2.38 e
251 | 050 | 43.7 | 624 238 | -1
260 | 052 | 459 | 603 216
5 | 0121503 044 254 | 048 435 584 180 | 389 | 225 D-8
260 | 054 | 468 | 584 227
25.8 | 0.51 | 454 | 590 223 | -2
283 | 055 499 613 238
, | ©034|1488| 052| 264 | 058|502 593 | 223 353 238 D-8
25 | 050 | 488 | 623 2.38
271 | 054 | 49.6 | 610 238 | —1
25.4 — | 502 | 624 222
5 | 052 1500| 051 237 — | 494 | 644 | 232 | 340 | 227 D-8
243 — | 493 | 603 232
24.5 49.6 | 624 227 | -3
245 | 046 | 505 | 593 2.35
s | 066|1493| 048 | 242 | 044 492 593 | 220 357 | 232 D-8
236 | 045 | 478 | 603 232
241 | 045! 49.2 | 596 233 | -2
% 229 | 042 | 483 | 593 2.30
;077 1514| 052 | 226 | 049 | 492 634 | 176 | 339 | 227 D-8
| 22.6 0.49 | 49.0 | 623 216
227 | 047 | 488 | 617 224 | -3
! 231 | 057 | 432 | 608 227 D-6  20%
g | 1201510 060 251 | 061 | 428 609 | 251 | 3.13 | 227 D-8 70%
247 | 058 439 | 608 2.30 E-6 10%
‘ 243 | 059 | 433 | 608 228 | -3
\ 385 | 584 2.30 .
o | 140 |1512] 065 | — — | 384! 609 | 149 | 287 | 232 D8 &%
; 39.0 | 593 232 %
x 38.6 | 595 231 | -3
260 | 048 | 499 | 645 243
o | 18611523) 040 251 | 045 507 623 | 190 | 319 | 243 D-8
241 | 044 | 503 | 613 2.38
251 | 046 | 503 | 627 241 | -3
249 | 045 | 405 | 589 246 D8 20%
;i 201 |1499| 058 | 254 | 046 376|500 | 207 350 | 246 b5 80%
‘ 26.0 048 | 39.7 | 584 243 °
| 254 | 046 | 39.3 | 588 245 | —1
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is not affected in general by the addition of cobalt.

The corrosion resistance to sulphuric acid is improved by the addition of cobalt.
The corrosion resistance to hydrochloric acid of the specimens is similar to that of
the ordinary alloys.

The shrinkage is lowered by the cobalt addition.

According to the microscopic examination of the cobalt-bearing high-silicon irons,
graphite is arranged in a fine eutectic form in the specimens having less than 1 pct
of cobalt as shown in Photo. 8 and its size increases as the cobalt content increases
further. In the alloys with more than 0.34 pct of cobalt, a new phase apeers as
shown in Photo. 9 and it increases in. quantity as the cobalt content increases. The
effect of this phase on the properties of the specimens was not confirmed.

Addition of cobalt in small amounts has good effects on high-silicon irons, in-
creasing the transverse strength and improving the corrosion resistance to sulphuric

acid.

D) Eﬁe.cts of Chromium

The results of experiment on the effects of chromium are given in Table 7 and
shown in Figs. 1, 3, and 5.

The transverse strength increases from 22.5 kg/mm? of the ordinary high-silicon
iron to about 27 kg/mm? of chromium-bearing one which contains about 0.6 pct of
chromium. It decreases slowly as the chromium content further increases until it
becomes 24 kg/mm? at 2.7 pct chromium content. The deflection of the chromium-
containing high-silicon irons is a little larger than that of the ordinary ones.

Additions of chromium enhance the Rockwell C hardness, resulting in a hardness
number of about 50 in the range of from 0.6 to 1.5 pct of chromium. The micro-
Vickers hardness of the &« matrix of the chromium-bearing high-silicon irons is similar
to that of the ordinary ones.

The corrosion resistance against sulphuric acid is improved by the addition of
chromium from 0.5 to 1.0 pct; the corrosion loss being reduced to about two thirds
that of the chromium-free high-silicon iron. Concerning the corrosion resistance to
hydrochloric acid, no effect of chromium additions is observed.

The microstructure of the chromium-containing high-silicon iron is characterized
by the very fine eutectic graphite as shown in Photo. 10. It is clear that this refining
effect on the graphite structure contributes to improve the mechanical properties of
the alloy. Over about 1.0 pct of chromium content, a new phase appears at the «
grain boundary as shown in Photo. 11, which increases with the chromium content.
This phase is considered as a kind of carbide and it is arranged with a close rela-
tion to the graphite distribution. Photo. 13 shows that this phase is partly decom-
posed to flaky graphite or to graphite in the form of very fine granules. This carbide
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Table 7. Effects of Chromium
. Corrosion Type and
ISpeci- Com;o)osmon Trans- | De- Hardness |loss in weight| Shrinkage syirz)e of ‘
| (%) verse flec- 2. U
men . (mg/cm?-4 hr) graphite |
No. | oy \ si \ C | arnshy | o | im0 inev ESO: ) HCL |5 (r,— according
} g/mm’) | (mm HMV) 100 10 )| (%) () §o AST™ |
| ‘ ) :
! ! ! ‘ 221 | 048 | 469 | 614 2.65 D-7, 8 60%
) 15-07' 061 | 9256 | 043 | 435 628 | 316 326 | S5 D6 40%:
224 | 046 | 452 | 621 2.65
| 275 | 052 | 485 | 623 222
| 5 057 1512|044 | 259 | 052 | 47.9 | 603 | 231 | 333 | 222 D-8
280 | 056 | 502 | 613 2.24
271 | 0.53 | 489 | 613 223 | -4
289 | 054 | 500 | 59 249
| 5 | 065|1534| 043 | 200 | 051|435 | 608 | 1.21 | 3.16 | 249 D-8
i ! 316 | 054 | 507 | 623 249
| i 208 | 0.53 | 49.7 | 609 249 | -3
; 259 | 049 | 488 | 589 216 ‘
4 085 1515 046 260 | 051 504 | 603 | 205 323 | 211 s D8 !
| | 26.9 052 | 50.1 | 613 216
r : 263 | 051 | 49.8 | 602 214 | -5
| 267 | 0.47 | 480 | 677 254
5 | 100 | 1515] 046 | 267 | 047 | 510 | 695 | 169 | 3.58 | 243 D8
‘ 267 | 047 | 525 | 683 249
267 | 047 | 505 | €85 249 | -1
i I | i
1 \ 260 | 051 | 47.0 | 603 259
s | 1001541 061 | 259 | 049 | 480 613 | 234 | 338 | 254 |2 ggz//a
272 | 053 | 448 | 589 243 o
263 | 0.51 | 46.6 | 602 252 | —1
; ‘ 281 | 055 | 50.8 | 644 232
\ o | 1271|1485 050 253 | 053|490 | 633 = 249 | 386 | 222 D-8
258 | 055 | 51.3 | 638 227
1 264 | 054 | 504 | 638 227 | -2
1 ! 257 | 052 | 47.3 | 640 216
g | 140 /1476 057 | 258 | 053 | 510 | 603 | 246 | 3.78 | 216 D-8
258 | 052 | 48.1 | 640 216
258 | 0.52 | 48.8 | 628 216 | -3
- 279 | 053 | 511 | 638 216
9 | 143 |1470| 050 | 27.0 | 055 | 49.9 | 586 | 3.17 | 3.29 | 216 D-8
259 | 050 51.2 | 633 214
269 | 053 | 50.8 | 619 215 | -3
251 | 051 | 380 | 623 259 D8 50%
10 | 160 '1498| 056 | 268 | 058 | 385 | 623 | 325 | 3.10 | 254 Bs 502,
i ; 25.0 0.50 | 38.0 | 608 257 ?
| 25.6 | 053 | 382 | 618 257 0
! ! 240 057 | 46.3 | 584 246
11 | 269 1515 046 | 240 | 050 | 455 | 623 | 378 | 3.33 | 241 D-7
240 | 054 | 45.0 | 603 244
240 | 054 | 45.6 | 603 243 | -2
231 | 053 | 444 | 639 246
12 | 499 1523 054 | 242 | 055 | 43.1 | 628 | 457 | 343 | 251 B-5
| 237 | 054 | 43.0 | 623 249
1 237 | 054 | 435 | 630 249 | -1
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phase shown in Photo. 11 entirely decomposed into graphite on being annealed at
900°C for 5hr, in vacuo as shown in Photo. 12. From these micrographs and the
results obtained by Hurst and Riley® on the high-silicon iron containing 10 pct silicon
the very fine eutectic graphite occuring in high-silicon irons containing 15 pct silicon,
which also contains carbide stabilizing elements such as manganese and chromium, is
presumed to be formed as the result of the decomposition of some kind of carbide.
The formation of this phase may be one of the factors which decreases the trans-
verse strength of the alloys containing chromium of more than 1 pct.

The addition of 0.5 to 1.0 pct chromium is very effective in improving both the
transverse strength and corrosion resistance to sulphuric acid and, at the same time,
in decreasing the shrinkage to a considerable degree.

(G) Effects of Molybdenum

The results of experiment on the effects of molybdenum are given in Table 8
and shown in Figs. 1, 3, and 5.

The transverse strength increases continupusly with increasing molybdenum con-
tents up to about 3 pct, at which it is about 26 kg/mm? When the molybdenum
content is further increased, the strength falls a little and reaches 24.5 kg/mm? at
about 5 pct of molybdenum. The deflection of the molybdenum-bearing high-silicon
irons is a little larger than that of the ordinary ones.

The Rockwell C hardness is not affected by the additions of up to about 2 pct
of molybdenum; however, over this percentage the hardness increases to nearly 50.
The micro-Vickers hardness of the a matrix is increased somewhat by the molybdenum
addition.

The corrosion loss in sulphuric acid is almost constant in the composition range
of from 0 to 5 pct of molybdenum. The corrosion resistance against hydrochloric
acid is improved by the addition of molybdenum; the corrosion loss in hydrochloric
acid linearly decreases with molybdenum contents of up to 5 pct at which it is less
than half that of the ordinary high-silicon iron. The improved corrosion resistance
to hydrochloric acid of molybdenum-bearing high-silicon irons are discussed in many
literatures.=*#

The shrinkage is not influenced by the addition of molybdenum in small amounts,
but it decreases remarkably as the molybdenum content increases over about 1.4 pct.

In the microstructure of the alloys, the form of graphite is generally fine eutectic,
either alone or mixed with rosette. In the specimens containing over 1.4 pct of
molybdenum, a new phase appears at the a grain boundary as shown in Photo. 14,
As the molybdenum content increases this phase increases in quantity progressively
having the appearance of an eutectic. At the same time, graphite is replaced by this
phase as distinctly observed in Photo. 15 which is the photomicrograph of a high-
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Table 8. Effects of Molybdenum

:Speci- Cmn(g})iition Trans- ﬂDe‘ ‘ Hardness loscsoirxiovfrleoilglht‘ Shrinkage TZ{;‘; ?;Ed
Imen i yerse €c- _ [(mg/cm®4 hr) graphite
No. | wo I s | o strength | tion ol H,SO,] ACl " according
| o | si | (kg/mm?) | (mm) | (HRO)(HMVI) 10y 1.1y | %9 (=) o ASTM
. |
221 | 048] 46.9| 614 | 265 D-7, 8 609
L 1507) 061 | 55% | 043, 435 628 | 316 | 326 | 5g D6 40%
224 | 046 | 452 | 621 2.65
i 226 | 050 | 41.9 | 613 249
o | 036 | 1465 069 | 226 | 052 421 | 618 | 274 | 2.82 | 243 D8 10%
227 | 048 | 433 | 595 2.46 - %
226 | 050 | 424 | 609 246 | 0
243 | 049 | 430 | 644 243 Bs 804
5 | 080 | 1551 060 | 235 | 047 | 432 | 689 | 219 | 251 | 232 oo s
‘ 249 | 046 | 448 | 677 238 %
242 | 047 | 437 | 670 238 | -3
249 | 047 | 402 | 656 2.38 D6 502
4 | 0981471 071| 236 | 047 | 440 | 646 | 304 | 251 | 232 e 107
251 | 051 | 426 | 599 243 g
245 | 048 423 | 634 238 | 0
‘ 260 | 048! 461 | 634 2.37 D8 70
|5 | 142|1519| 060 260 | 048| 459 | 678 | 290 | 215 | 232 be 407
‘ 24.0 047 | 431 | 623 2.32 7
: 253 | 048 | 45.0 | 645 | 234 -3
251 | 051 | 481 | 649 222
o | 231 | 1541| 053] 251 | 051 | 474 623 266 | 222 | 232 Ds i’g'jf
i 251 | 051 | 460 | 713 2.27 g
} 251 | 051 462 | 662 227 | -4
257 | 049 | 8.9 | 739 2.00
; | 330 | 1522 045 252 | 050|512 | 732 | 324 | 211 2.00 D-8
| 271 | o051 500 701 2.00
260 | 050 | 50.0 | 724 200 | -6
252 | 051 | 475 | 678 217
g | 4491507 051 253 | 054 | 479 681 | 285 171 | 211 D-8
‘ 253 | 052 | 492 | 714 211
253 | 0.52 | 483 | 691 213 | -6
i 251 | 052 477 | 595 2.14
o | 5111548 053 | 240 | 046 | 480 | 623 | 3.13 | 124 | 211 D-7
\ 246 | 052 | 480 | 593 211
i 24.6 0.50 | 479 | 604 212 | -5

molybdenum alloy. Hurst and Riley*»® presumed this phase as a complex carbide,
perhaps containing molybdenum. It was confirmed by the authors, as well as by
Hurst and Riley, that this complex carbide phase was very stable and its microstruc-
ture was not affected by annealing at 1000°C for 4 hr. in vacuo. The micro-Vickers
hardness of this phase was measured on specimen No. 9 in Table 8 (5.11% Mo) and
a specimen containing 4.29% Mo, 15.22% Si and 0.71% C, and hardness numbers
907 and 927 were obtained respectively. These hardness numbers are much higher
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than 604 which is the hardness number of the a phase of specimen No. 9. These
results support the above assumption.
The molybdenum addition of about 3 pct is considered beneficial in improving

both the transverse strength and corrosion resistance, and decreasing the shrinkage.

(H) Effects of Tungsten

The results of experiment the effects of tungsten are given in Table 9 and shown
in Figs. 1, 3, and 5.

Tungsten markedly increases the transverse strength of high-silicon irons as shown
in Fig. 1. The maximum value of about 30 kg/mm? is obtained at a tungsten content
of about 0.8 pct. In a wide range of from about 0.4 to 2.4 pct tungsten content, the
transverse strength is high showing over about 28 kg/mm? The deflection is a little
higher in tungsten-containing high-silicon irons than in tungsten-free irons.

The Rockwell C hardness seems to increase somewhat by tungsten additions,
although the variation in the harness value is large. The micro-Vickers hardness of
value is large. The micro-Vickers hardness of the a matrix does not vary depending
upon tungsten contents.

The corrosion resistance to sulphuric acid is improved somewhat by tungsten
additions but that to hydrochloric acid is almost independent of tungsten contents.

The shrinkage is decreased by tungsten additions, particularly in amounts of 0.8
to 1.8 pct.

In the microstructure of the specimens, graphite usually appears in a fine eutectic
form as shown in Photo. 16. In the alloys containing over about 0.8 pct of tungsten,
a new phase appears as shown in Photo. 17, which replaces graphite. From the latter
fact -and the micro-hardness test, this phase is considered also as a kind of carbide.
The micro-Vickers hardness test was carried out on this phase of the No. 11 specimen
shown in Table 9 and the hardness number 841 was obtained. The true hardness
value must be higher because the impression in this measurement was made partly
on this phase and partly on the a phase owing to the dendritic structure of this
phase. Consequently, the bardness of the new phase is far higher than 621 which
is the micro-hardness number of the a phase in the same specimen. It was confirmed
that this carbide phase was very stable and its microstrncture was not affected by
annealing at 1000°C for 4 hr. in vacuo. The behaviour of this carbide phase is quite
similar to that of the complex carbide occuring in the molybdenum-containing high-
silicon iron.

The addition of tungsten in amounts of 0.4 to 2.4 pct increases the transverse

strength remarkably and is very beneficial.
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Table 9. Effects of Tungsten

{ ! f n
c iti ] , Corrosion Type and
Speci- °"‘(IZ/:§‘ lon l 3‘;:;5' E:é_ . Hardness |loss in v&;eight‘ Shrinkage zﬂe of
g 5 sicength | tion | oty e A
. w i 1 C l /mm? 22U, -
| si (kg/mm?) | (mom) (580 (V) G20 LT 9) (G, - 2ocording
221 048 | 469 | 614 265 | D-7, 8 60%
. 15071 061 | 556 0.435 435 | 628 | 316 | 326 or ) D6 40%
‘224 | 046 | 452 | 621 2.65 f
252 | 051 423 | 618 227 |
5 | 01311487\ 064 252 | 050 | 433 | 613 | 3.43 | 345 | 238 A6
243 | 048 | 431 | 644 232
249 | 050 | 429 | 625 232 | -2
s [
251 | 053 | 439 | 597 259 |
5 | 033|1505| 043 | 242 | 051 | 445 | 623 | 1.98 | 340 | 250 R‘? gg‘;f
. 954 | 054 | 440 | 608 259 - %
249 | 053 | 441 | 609 2.59| -1
259 | 052 506 | 618 256 l
o | 0331523 052 | 254 | 051|500 637 | 295| 318 | 265 | D-8
257 | 052 492 | 603 259
257 | 052 499 | 609 2.60 | 0
298 | 061 414 | 623 238 |
s | 036 (1516( 065 | 288 | 060 | 405 | 635 | 302 | 341 | 238 | A-6
283 | 057 402 | 633 2.38
286 | 059 407 | 630 2.38 I 0
274 | 061 441 | 604 259 |
o | 048|1513| 044 | 284 | 062 | 437 | 634 | 253 | 333 250 A6 20%
204 | 063 446 613 262 D-8  80%
284 | 0.62 | 441 | 617 260 | -1
305 | 0.64 [ 50.0 | 625 232
, | 0821526 044 | 207 | 061| 492 | 650 | 261 | 255 | 232 D8
209 | 061 | 489 | 644 297
300 | 0.63 | 494 | 640 230 | -4
: 39.9 | 640 227
g | 0861497/ 050 | — — | 438! 634 | 270 | 289 | 227 Be X%
i 425 | 603 2.30 ©
421 | 626 228 | -3
294 | 055 453 | 603 2.38
g |17 1491 051 271 | 052 | 450 | 613 | 1.68 | 294 | 232 D7
283 | 053 | 454 | 644 2.33
283 | 053 452 | 620 234 | -2
292 | 052 515 | 593 232
0 | 18411499, 043 | 316 | 055 | 510 | 623 | 264 | 3.06 | 232 D-8
278 | 051 | 512 | 608 2.33
295 | 053 512 | 608 232 | -3
284 | 050 } 472 | 613 232
11 | 241 (1499 055 280 | 049 465 | 618 | 235 | 320 | 232 D-8
280 | 049 485 | 633 230
281 | 049 | 474 | 621 231 -2




Investigation on Acid-Resistant High-Silicon Iron (1) 299

(I) Effects of Vanadiam

The results of experiment on the effects of vanadium are given in Table 10 and
shown in Figs. 2, 4, and 6. ‘

The addition of vanadium of less than 0.05 pct has almost no effect on the trans-
verse strength. In the range from 0.05 to 0.4 pct vanadium, however, it increases
with vanadium contents up to the maximum value of about 29 kg/mm? at about 0.4 pct
vanadium.

The deflection increases with vanadium contents and reaches the maximum value

Table 10. Effects of Vanadium

\ . i "] Corrosion Type and
Speci-‘ Com(g")sm"“ i Trans- 1De- . Hardness lossin weight| Shrinkage }siil;e of
men | i ‘ zferseth ?‘ec-‘ (mg/cm?-4 hr), graphite
No. Iy | g \ C | (kg/mm®) | (mm) | (RO |(inevy HeS0s | HCL |75 [0 7 according

‘ j ! (110 (1: )| V9 NPT T to ASTM

23.7 050 | 45.8 | 633 259 B-6 80%
. 1542} 053 | 937 | 052 | 453 | 623 | 186 | 295 | o D8  20%
23.7 051 | 456 | 628 2.62
235 044 | 450 | 618 238 B-6 80%
o | 0016{ 1553] 0.56 243 044 | 445 | 623 | 1.84 | 284 | 249 D8 209
23.8 044 | 441 | 649 2.32 2
23.9 0.44 | 44.8 | 630 240 | -3
26.0 055 | 421 | 629 246 B6 80%
g | 0044 15.39| 0.84 24.3 052 | 389 | 644 | 136 | 356 | 243 D8 209
23.7 050 | 39.0 | 649 254 ¢
24.7 0.52 | 40.0 | 641 248 0
271 | 055 420 | 618 | 243 _
. 0000 1537| 055 | 249 | o51| a12) 618 | 150 | 359 | 232 e S
26.0 054 | 40.9 | 598 238 ?
26.0 0.53 | 414 | 611 238 | -3
26.6 0.64 | 37.2 | 593 259
5 013 | 1532) 053 232 051 | 37.6 | 655 | 1.15 | 3.33 | 259 B-5
26.0 064 | 37.9 1 644 249
25.3 0.60 | 37.6 | 631 256 | -1
28.8 062 | 405 | 644 249 D8  90%
g | 023 |15.38) 048 26.3 058 | 410 613 | 1.80 | 3.60 | 254 A7 109
27.8 060 | 426 | 599 259 ¢
27.6 0.60 | 414 | 619 254 | -1
29.2 0.62 | 419 | 558 227
7 | 048 | 15.36| 053 287 062 | 409 | 557 | 230 | 340 | 227 D-7
279 0.61 | 428 | 594 227
28.6 0.62 | 41.9 | 570 227 | -4
25.8 058 | 402! 575 227 A6 80%
g | 062 |1538] 055 247 0.56 | 39.0 | 571 | 147 | 228 | 227 D7 207
26.0 0.63 | 38.0| 558 2.30 9
25.5 0.59 | 39.1 | 568 228 | —4

In this series of vanadium-containing high-silicon irons, silicon in a little higher than 15 pct.
So the ordinary alloy for standard is selected such as contains a higher silicon percentage and
consequently has a little higher corrosion resistance,
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of about 0.6 mm at about 0.4 pct of vanadium content. The relationship between the
transverse strength and composition varies parallel to that between the deflection and
composition.

The Rockwell C hardness becomes a little lower with vanadium additions. The
micro-Vickers hardness of the a matrix remains constant in the alloys containing from
0 to 0.4 pct of vanadium, then decreases with vanadium contents.

The corrosion resistance of high-silicon irons to sulphuric acid is improved some-
what by the addition of about 0.1 pct of vanadium while the corrosion resistance to
hydrochloric acid is almost independent of the content of vanadium.

The shrinkage is decreased by the addition of vanadium especially in amounts of
0.4 to 0.6 pct.

In the microstructure of the specimens, the graphite structure of rosette type
accompanied by little amounts of eutectic type appears in the specimens containing
less than 0.1 pct of vanadium. However, the graphite structure in the specimens
containing from 0.2 to 0.5 pct of vanadium, which have high transverse strength, is
of eutectic type as shown in Photo. 18. In the specimens containing vanadium over
about 0.1 pct, another phase appears as shown in Photo. 19, and its quantity increases

with vanadium contents. This phase is probably a kind of carbide and is very stable
and not affected by an annealing at 900°C for 5 hr. in vacuo.

The vanadium addition in amounts of 0.3 to 0.4 pct is considered favourable
because of the remarkable improvement in mechanical properties and the decrease of

shrinkage without any reduction of the corrosion resistance to speak of.

(J) Effects of Titanium

The results of experiment on the effects of titanium are given in Table 11 and
shown in Figs. 2, 4, and 6.

The effect of titanium on the transverse strength is almost the same as that of
vanadium. The deflection increases with titanium contents up to about 0.3 pct.

The Rockwell C hardness of titanium-containing high-silicon irons having less
than about 0.1 pct titanium is lower than that of the ordinary high-silicon irons;
however, it is slightly higher compared with that for ordinary high-silicon irons
when the titanium content is 1.4 pct or over. The micro-Vickers hardness of the «
matrix is slightly decreased by titanium addition.

The corrosion resistance to sulphuric acid is reduced by the addition of more
than 0.1 pct of titanium but the corrosion resistance to hydrochloric acid is scarcely
affected by the addition of up to 0.6 pct titanium.

The shrinkage tends to be decreased by titanium addition.

In the microstructure of the titanium-containing high-silicon irons, the graphite

structure is generally a very fine eutectic type, occasionally accompanied by rosettes
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Table 11. Effects of Titanium

301

- | Corrosion " | Type and
Speci- | Com(lg/o§1t10n Trans- ‘ ﬂDe- Hardness |lossin weight| Shrinkage | size of
men ° Zerse ‘h t'ec- (mg/cm?-4hr) graphite
No. | si ’ C (irt/eng 2);(;":‘1) (HRC) (HMV){HZSO“ HCl %) ;( +, =) according
o 8/mm? | a:wa: Yo P to ASTM
221 048 | 46.9 | 614 265 D-8,7 60%
L 1507 061 | 55% | 043 | 435 | 628 | 316 | 326 965 D6 40%
22.4 046 | 452 | 621 2.65
226 053 | 438 | 584 246 D8 50%
o | 0026 1488| 061 23.7 053 | 43.8 | 603 | 3.02 | 299 | 259 B5 507
22.1 051 | 43.2 | 594 2.38 °
22.8 0.52 | 43.6 | 594 248 | 0
249 058 | 37.3 | 566 249
5 | 0038] 1501 062 | 232 053 | 352 | 549 | 278 | 3.37 | 249 A-5
23.8 053 | 352 | 545 243
24.0 0.55 | 359 | 553 247 | -1
356 | 575 249 g o
, |ooral 1500 061 — | — [367 549 | 303 315 249 ne X%
37.0 | 566 246 4 0
364 | 563 248 | -1
249 058 | 39.9 | 590 2.32
5 |012 | 1505| 065 | 235 055 | 39.2 | 561 | 3.12 | 3.48 | 233 D-7
249 058 | 38.0 | 575 232
244 0.57 | 39.0 | 575 232 | -2
26.2 065 | 402 | 575 238 D7  40%
¢ | 013 | 1493 055| 255 063 | 41.2 | 584 | 268 | 252 | 235 D8 607
26.3 0.70 | 40.1 | 584 2.38 g
26.0 0.66 | 40.5 | 581 237 | -1
26.0 060 | 37.3 | 598 232 A-6 60%
013 | 15.00] 066 | 260 0.60 | 37.0 | 575 | 447 | 3.35 | 233 g o
7 243 057 | 376 | 603 2.32 D7 40%
254 059 | 37.3 | 592 232 | -2
36.0 057 | 48.7 | 575 238 D8 80%
0.14 | 1468| 048 4.9 053 | 488 | 603 | 3.34 | 3.13| 232 P
8 249 053 | 47.9 | 575 227 A6 20%
25.3 0.54 | 48.5 | 584 232 | -1
283 062 | 50.2 | 589 232
g | 029 |1459| 067 | 283 060 | 500 | 58¢ | 410 | 3.85 | 230 D-8
272 057 | 49.9 | 593 2.38
27.9 0.60 | 50.0 | 589 233 -1
28.8 0.60 | 465 | 575 249
10 | 029 | 15.00| 062 | 277 060 | 464 | 584 | 3.64 | 417 | 243 D-8
26.6 0.60 | 485 | 569 246
27.7 0.60 | 47.1 | 576 246 | -1
294 064 | 412 | 58 238 g o
11 | 032 | 1519| 059 | 266 060 | 421 | 540 | 3.78 | 3.48 | 249 },3_2 gg,;a
28.0 0.62 | 42.8 | 566 243 ¢
28.0 0.62 | 42.0 | 563 243 | -2
26.7 060 | 505 | 603 227
12 | 061 | 1543| 050 | 258 055 | 496 | 598 | 4.30 | 3.28 | 222 D-8
26.3 058 | 497 | 5% 222
26.3 0.58 | 19.9 | 599 224 | -4
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or long flakes. Some phases which are considered to be non-metallic inclusions such
as, probably, titanium carbide, nitride or oxides, appear in the structure of the alloys
containing more than 0.05 pct of titanium as shown in Photo. 20. These phases
increase with titanium constents.

Titanium added to high-silicon irons in quantities of as little as 0.1 to 0.3 pct is
greatly effective in increasing transverse strength without deteriorating corrosion

resistance.

(K) Effects of Aluminium

The results of experiment of the effects of aluminium are given in Table 12 and
shown in Figs. 2, 4, and 6.

The effect of aluminium is characterized by a great increase of transverse strength
at very low contents of aluminium and its quick decline witn its further addition.
The maximum strength of 26.6 kg/mm® is attained in the alloy containing as small as
0.06 pct of aluminium. The deflection of the aluminium-bearing high-silicon irons is

considerably larger than that of the ordinary high-silicon irons.

Table 12. Effects of Alumininm

ies ! i Corrosion | T d
[ e an
Speci-! Com;a)osmon l Trans- | De- \ Hardness "loss in weight Shrinkage zﬁe of
(%) verse | flec- ! ‘ 2.4 hr) :
mern ‘ ;1 (mg/cm?4hr) graphite
No. a1 | s ¢ (itrfngtﬁl); (“‘m) (RO [ vy HeSO: | HCL ™, 7| 7 according
1 g/mme) | imm) | | @a:10a:nt '\ * " to ASTM
208 | 043 457 | 623 2.70 D8 70%
L 1485) 053 | 556 | 043 | 440 | 613 | 284 | 338 95 A6 30%
227 | 043 | 448 618 2.68
244 | 051 483 | 644 254
, | 001 |1484| 059 226 | 045| 487 | 623 | 216 | 290 | 232 o8 8%
223 | 047 | 493 | 634 2.49 %
231 | 048 | 488 | 634 245| 0
26.2 | 062 | 413 | 532 2.32 )
5 | 006|1487| 056 | 270 | 065 | 41.3 | 553 | 272 | 3.31 | 238 D3 gng
266 | 064 | 422 | 566 2.43 o
266 | 0.64 | 41.6| 550 238 | -2
226 | 058 | 402 | 604 2.56 .
4 | 041]1497) 055| 233 | 068 387 | 639 | 260 | 350 259 e o
231 | 063 | 388 633 259 o
230 | 0.63 | 39.2 | 625 258 0
198 | 061 | 33.7 | 604 2.54
5 | 0941497, 065 | 218 | 059 | 341| 622 | 232 | 386 | 254 A5
212 | 062 | 345 | 644 2.46
209 | 061 | 341 | 622 251 0
192 | 058 | 357 | 599 2.70
| ¢ | 215 1501| 058 | 170 | 048 | 343 571 | 265 | 3.90 | 270 A-5
186 | 050 | 348 | 613 270
183 | 052 | 349 | 504 270 | 0
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The Rockwell C hardness decreases as the aluminium content increases and it
reaches 34-35 at 1 to 2 pct of aluminium content. According to the micro-Vickers
hardness test, the hardness of the @ phase is scarcely affected by aluminium additions.
From these two hardness tests, the decrease of the Rockwell C hardness with the
increase of aluminium content seems to be caused by the shape and type of graphite
as described in the following.

In regard to the corrosion resistance, aluminium added to high-silicon irons has
almost no effect for both sulphuric and hydrochloric acids.

The shrinkage of aluminium-containing high-silicon irons is equal to that of the
straight alloys.

The shape and size of graphite in the microstructure of the specimens are con-
sidered to have a definite relation to aluminium contents. The graphite structure is
a very fine eutectic type as shown in Photo. 21 when the quantity of added aluminium
is very low such as below 0.06 pct. As the aluminium content increases, however,
graphite becomes larger in size and its structure changes to flake type; at 0.4 pct
aluminium content, it is eutectic and flake type, at above 0.9 pct flake type alone,
and at about 2 pct large flake and stellular graphite type as shown in Photo. 22 to
24. In the microstructure of the alloy containing about 2 pct of aluminium, a new
phase appears along graphite. The decrease of the transverse strength as well as
the decrease of the Rockwell hardness at above 0.1 pct aluminium is considered to
be due to the growth of graphite size. The transverse sirength is particularly low
in the alloy having 2.15 pct of aluminium, having stellular graphite and the new
phase.

Aluminium additions in small amounts have a good effect on the transverse

strength, increasing it remarkably.

(L) Effects of Copper

The results of experiment on the effects of copper are given in Table 13 and
shown in Figs. 1, 3, and 5.

The transverse strength is increased rapidly by the small copper addition of about
0.3 pct from 22.5 kg/mm? of the ordinary high-silicon iron to about 26 kg/mm® and
it remains almost constant up to about 2 pct of copper content, then tends to decrease
slightly with copper contents. The deflection is slightly improved by the addition
of copper.

The Rockwell C hardness hardness has a tendency to decreasese with copper
contents. The micro-Vickers hardness of the @ matrix increases with copper contents
up to 0.5 pct of copper content, but decreases with further additions. This fact can
be explained by the appearance of a dispersed phase in the a matrix. ‘

The corrosion resistance to sulphuric acid of copper-bearing high-silicon irons is
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excellent. The corrosion loss decreases markedly with copper contents, and at the
copper content of 0.5 to 1 pct it is about 1 mg/cm?-4hr. which is about one-third
that of the ordinary high-silicon irons, and at 2.5-4 pct copper content it is about

0.5 mg/cm?-4hr. which is about one-sixth that of the ordinary high-silicon irons. The

Table 13. Effects of Copper

ses Corrosion Type and
Speci- C°m€°s‘t‘°“ Trans- | De- Hardness |loss in weight| Shrinkage S’,’é’e of
(%) verse flec- 2.4 hr) "
men strength | tion (mg/cm r graphite
No. : [ H,S0, | HCl1 according
Cu Si C |(kg/mm?) | (mm) (HRC)i(HMV)(lgz 16) a:1 (%) (+,-) to ASTM
221 | 048 | 469 | 614 2.65 D-7, 8 60%
1 1507 061 | 55% | 043 | 435 | 628 | 16| 326 | 565 D6 40%
224 | 046 | 452 | 621 2.65
266 | 060 | 420 | 689 216
o | 031 |1494| 076 | 266 | 055 | 417 | 689 | 127 | 261 | 222 D-8
254 | 057 | 408 | 677 211
262 | 057 | 41.5 | 685 216 | -4
260 | 056 | 39.8 | 683 2.22
5 | 0451495 058 | 260 | 058 | 41.0 | 677 | 123 | 278 | 2.16 A-7
260 | 057 | 406 | 603 222
260 | 057 | 405 | 654 220 | -3
406 | 660 216
4 | 055 1495) 064 | — — | 411 689 | 114 | 269 | 211 D8 382?
402 | 660 222 5
0.6 | 670 216 | -4
246 | 055 414 | 666 2.32
5 | 0811508 061 | 250 | 058 | 420 | 623 | 1.2 | 3.23 | 232 o zsgzj)
250 | 058 | 420 | 603 232 o
249 | 057 | 41.8 | 631 232 | -3
» 266 | 053 | 448 | 645 222
6 | 082| 1483 071 | 252 | 051 | 47.8| 655 | 194 3.68 | 216 D-8
271 | 054 | 47.7 | 689 222
263 | 053 | 46.8 | 663 220 | -1
260 | 058 | 300 | 618 2.32 ~
; | 123 [1498) 057 | 253 | 055 | 300 | 599 | 0.93 | 3.72 | 232 o 28;//,,
252 | 053 | 390 | 613 2.32 5
255 | 0.55 | 390 | 610 232 | -2
268 | 055 | 430 | 634 2.30
g | 1901507 052 260 | 054| 433 | 614 | 071 351 2.43 be 1
253 | 052 | 422 | 603 2.38 o
260 | 054 | 42.8 | 617 237 | -2
258 | 060 | 341 | 549 254
o | 265|1552| 071 | 254 | 061| 340 | 532 | 029 | 325 254 B-5
260 | 062 331 | 501 254
257 | 0.61 | 337 | 527 254 | 0
258 | 061 39.4 | 512 243
10 | 400 |1522] 070 | 245 | 058 | 385 | 549 | 060 | 3.94 238 B-5
252 | 060 | 385 | 593 241
252 | 0.60 | 38.8 | 551 241 0
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improved corrosion resistance of copper-bearing high-silicon irons against 20 pct
sulphuric and 5 pct hydrochloric acids was reported by litaka and Sekiguchi™.

The corrosion resistance to 18 pct hydrochloric acid is improved in the copper
content of 0.2 to 0.5 pct. It seems, however, to be somewhat reduced with further
increase of copper contents.

The shrinkage of the alloys having 0.3 to 1 pct of copper is much smaller than
that <f the ordinary alloys. This property of the alloys having high percentage of
copper is nearly the same as that of the ordinary alloys.

The microscopic examination of the specimens shows that graphite is distributed
in a fine eutectic form in lower contents of copper as shown in Photo. 25 and it
grows in size with copper contents until it changes into a large rosette form as shown
in Photo. 26. In the specimens containing over about 0.5 pct of copper, a dispersed
phase appears in the a phase as shown in Photo. 26, and a copper-rich phase of
golden colour also appears along with graphite flake as shown in Photo. 27, and both
of them increase in amount with copper contents. In the alloys of high-copper
content, a part of the copper-rich phase is arranged in a Widmanstitten pattern as
shown in Photo. 28, which indicates that the copper-rich phase precipitates from silico-
ferrite at a fairly low temperature. The microstructure of commercial copper-bearing
bigh-silicon irons have been studied in details by Hurst and Riley® and their results
are in accord with the authors’, excepting the fact pertaining to the type and size of
graphite mentioned above. The microstructure of copper-bearing high-silicon irons is
so complicated that the relation between the microstructure and the mechanical pro-
perties cannot easily be found.

The copper addition is considered very beneficial for the corrosion resistance to

sulphuric acid, transverse strength, and casting property.

(M) Effects of Tin

The results of experiment on the effects of tin are given in Table 14 and shown
in Figs, 2, 4, and 6.

There is no admittable effect on the transverse strength with the addition of tin
within the composition range of this study. The deflection becomes a little larger by
the addition of tin above 0.4 pct.

Tin enhances the Rockwell C hardness of high-silicon irons. The hardness of
the a matrix is almost constant in the alloys with less than about 0.5 pct tin and
shows higher value in the alloy with about 0.8 pct tin.

The corrosion resistance is markedly reduced when tin is added; the corrosion
loss increases rapidly in both sulphuric and hydrochloric acids with tin content.

The microstructures of the tin-containing high-silicon irons having 0.18 to 0.79 pct
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Table 14. Effects of Tin

Speci- Composition ‘ Trans- De- Hardness Ioscso;;(;tte()inht Shrinkage Type and
bec (%) verse flec- P) gh g size of
mﬁn strength | tion %ng(/)cm éClr) grap glte
0. . 2 o _ 4 according
Sn | Si | C|(kg/mmd)| (mm) |RO) vy 0] HCLT o) oy, o 2ccording
228 | 043 | 457 | 623 2.70 D8 709
1 1485 053 | 596 | 043 | 440 | 613 | 284 | 338 45 A6 309
227 | 043 | 448 é18 2.68
213 | 045 | 489 | 613 232
o | 018 1487| 048 | 243 | 047 | 4956 | 644 | 3.87 353 | 238 D-8
216 | 042 | 505 | 593 232
204 | 045 | 497 | e17 234 | —ox
230 | 047 | 481 | 623 1.95
5 | 035! 1461] 057 | 243 | 043 | 476 | 603 | 487 | 478 | 1.89 D-8
216 | 045 | 493 | 629 192
230 | 045 | 483 | 618 192 | —5*
237 | 051 | 450 | 618 2.05
4 | 0421493 047 | 225 | 053 | 47.0 | 623 | 434 | 7.38 | 162 D-8
228 | 051 | 467 | 603 1.84
230 | 052 | 462 | 615 184 | —7*
237 | 053 | 47.1 | 683 2.05
5 | 079 | 1469] 064 | 229 | 049 | 480 | 690 | 650 | 8.91 | 205 D-8
221 | 047 | 483 | 689 2.00
| 229 | 050 | 47.8 | 687 2.03 | —4*

* Approximate values are given, as the true value could not be measured owing to the
film formation on the surface of specimens.

of tin are shown in Photos. 29 and 30, where a fine eutectic graphite structure is
observed.

In the case of casting of the high-silicon iron containing tin, a film, probably of
tin oxide, is formed on the surface of the melt during its solidification. This film
becomes thicker as the tin content is increased. Owing to this phenomenon, we gave
up adding more than about 0.8 pct of tin and, for that reason the shrinkage could
not be measured; consequently, the approximate shrinkage wvalues are given in
Table 14.

Tin has degrading effects on the corrosion resistance and casting quality of high-

silicon irons.

(N) Effects of Arsenic

The results of experiment on the effects of arsenic are given in Table 15 and
shown in Figs. 2, 4, and 6.

The transverse strength is not affected by the addition of up to 0.1 pct of arsenic.
It decreases rapidly with the more addition and reaches the value of 20.3 kg/mm? in
the alloy coniaining 0.85 pct of arsenic. The deflection seems to be somewhat improved
when arsenic is added.
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Table 15. Effects of Arsenic

. Corrosion Type and
Speci- COHEB/O §1t10n Trans- | De- Hardness |loss in weight| Shrinkage Zf;e of
men ’ S:’ree‘;; th g‘(’fn‘ __ {(mg/cm?.4 hr) graphite
No. . 'H,50, | HCl] according
As | Si | C | kg/mm) | (mm) |(HRO) V) (08 ] T (96) (o, - 2oogqiding
221 048 | 469 | 614 265 D-7, 8 60%
L 1507\ 061 55%6 | 043 | 435 | 628 | 316 | 326 | 5¢p D6 40%
22.4 046 | 452 | 621 2.65
232 056 | 390 | 586 243 AT 50%
o | 0029] 15.22| 066 220 057 | 420, 586 | 1.33 | 274 | 243 Bg 209
243 057 | 405 | 584 2.38 4
23.2 0.57 | 405 | 585 241 0
220 053 | 415 | 516 2.32
3 | 0.052| 1483] 0.69 23.7 050 | 40.0 | 500 | 142 | 267 | 2.32 B-8
222 056 | 395 | 513 227
22.6 | 0.53 | 40.3 | 513 230 0
226 057 | 432 | 522 2.38 A5 509
4 | 010 1485 055 243 055 | 405 | 572 | 1.80 | 3.31 | 238 B-8 50%
235 053 | 396 | 509 2.38
235 | 055 | 411 | 534 238 | -1
215 058 | 37.2 | 541 2.32
5 | 017 | 14691 074| 203 058 | 381 | 548 | 263 | 3.30 | 2.32 B-6
215 055 | 362 | 545 2.30
21.1 0.57 | 372 | 545 231| ©
215 054 | 404 | 545 2.27 _
¢ |046 |1443| 078 | 215 | 054 | 380|566 | — | — | 227 A 28(%
215 054 | 393 | 541 227 ?
215 | 0.54 | 39.2 | 551 227| 0
20.9 055 | 34.8 | 524 227
, | 085 | 1478| 066 192 053 | 37.7 | 501 | 248 | 3.03 | 227 B-5
20.9 054 | 36.8 | 494 227
20.3 0.54 | 364 | 506 2271 0

The Rockwell C hardness decreases gradually with arsenic contents until it reaches
as low as 36 at 0.85 pct of arsenic content. The micro-Vickers hardness of the a
matrix also decreases with arsenic contents in a similar way as the Rockwell hardness
and reaches about 500 at 0.85 pct of arsenic.

The crrosion resistance is improved by the addition of very small amounts of
arsenic, say 0.03 pct. The corrosion loss both in sulphuric and hydrochloric acids
shows the minimum value at the arsenic content of from 0.03 to 0.05 pct.

The shrinkage does not vary with the arsenic addition.

In the microstructure of the specimens, graphite exists in fine flake or in rosette
form at the arsenic content of less than 0.1 pct as shown in Photo. 31 and it grows
in size with arsenic contents until it becomes a large rosette form as shown in
Photo. 32. In the alloys with more than about 0.2 pct arsenic, a new phase appears.
Photo, 33 clearly shows this phase which occurred in the specimen No. 6 in Table 15
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containing 0.85 pct of arsenic. The decrease in transverse strength occurring in the
alloys containing over 0.1 pct of arsenic is probably caused by the growth of graphite
size and the formation of this phase. Since the solubility of arsenic in the a phase
is large in the Fe-C-As system!®, even 0.85 pct arsenic remains in an equilibrium
state in the « solid solution, and it is considered that this phase is precipitated as a
phase containing arsenic from the a phase in which the solubility of arsenic is
decreased by the addition of about 15 pct silicon to the Fe-C-As system.

_Arsenic in small amounts has good effects on high-silicon irons for corrosion
resistance. Addition of over 0.1 pct of arsenic, however, should not be allowed because

of its bad effect in decreasing the strength of the alloy.

V. Summary

The results obtained in the scope of our present experiments can be summarized
as follows:

(1) The elements that have favourable effects on the transverse strength of -
high-silicon irons, when added in proper amounts, are follows: nickel (0.7%), cobalt
(0.3%), chromium (0.6%), molybdenum (3%), tungsten (0.8%), vanadium (0.09-0.5%),
titanium “(0.3%), aluminium (0.06%), and copper (0.3-3%). The percentage in
parenthesis indicates the optimum content.

(2) Aittle variation is observed in the deflection of high-silicon irons upon
additions!gof alloying elements. The deflection varies, in general, parallel to the trans-
verse strength. Consequently, the ductility of high-silicon irons is scarcely improved
by additions of alloying elements because the ratio of deflection to transverse strength
indicates ductility.

(3) The hardness of the & matrix of high-silicon irons, in general, is not greatly
affected by additions of alloying elements. Consequently, the Rockwell C hardness is
considered to be affected chiefly by the type and size of graphite. The elements that
promote a growth of graphite, such as copper and aluminium (over 0.4%), decrease
the Rockwell hardness; while the elements, the so-called carbide slabiligers, that
deminish the size of graphite and favour to form hard carbide-phases, such as manga-
nese, phosphorus, chromium, and molybdenum increase the Rockwell hardness.

(4) The corrosion resistance to sulphuric acid is improved by additions of
manganese, phosphorus, nickel, cobalt, chromium, vanadium, copper, and arsenic.
Among these elements, copper is the most effective. It is hardly affected by molyb-
denum, tuntsten, titanium, aluminium, and is adversely affected by tin and sulphur.

(6) The influence of alloying elements on the corrosion resistance to hydrochloric
acid is smaller than that on the corrosion resistance to sulphuric acid. Molybdenum
and nickel have good effects, while tin and phosphorus have degrading effects and
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the others have little effects on the corrosion resistance against hydrochloric acid.
(6) The shrinkage of high-silicon irons is decreased to a.considerable extent by
additions of all alloying elements used in our tests except arsenic.
(7) The effects of alloying elements on the microstructure of high-silicon irons
were studied. The relation, however, between the microstructure and the properties
of alloyed high-silicon irons was so complex that they could not be summarized

readily.
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Photo. 1 %180 Photo. 2 %1000 Photo. 3 %180
Specimen No. 3, Table 2, Specimen No. 5, Table 2, Specimen No. 4, Table 3,
(0.85% Mn). (1629 Mn). (0.16% P).

Photo. 4 x 180 Photo. 5 %400 Photo. 6 %180
Specimzn No. 9, Table 3, Specimen No. 5, Table 4, Specimen No. 6, Table 5,
(0.70% P). (0.10% S). (1.299% Ni).

The microsections appearing in Photo. 1-33 were all etched

in the sodium picrate reagent at about 85°C.
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Photo, 7 x 180 Photo. 8 *x 180 Photo. 9 %400
Specimen No. 14, Table 5, Specimen No. 4, Table 6, Specimen No. 10, Table 6,
(8.43% Ni). (0.349 Co). (1.86% Co).

Photo. 10 %180 Photo. 11 x 1000 Photo. 12 %1000
Specimen No. 3, Table 7, Specimen No. 11, Table 7, Same field as in Photo. 11,
(0.65% Cr). (269% Cr). after annealing.

Photo. 13 %400 Photo. 14 %400 Photo. 15 %400
(3.50% Cr). Specimen No. 5, Table 8, Specimen No. 9, Table 8,
(1.429 Mo). (5.11% Mo).
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Photo. 16 x 400 Photo. 17 1000 Photo. 18 %180
Specimen No. 7, Table 9, Specimen No. 9, Table 9, Specimen No. 7, Table 10,
(0.82% W). (1719 W). (0.48% V).

et T
Photo. 19 %1000 Photo. 20 x 180 Photo. 21 %180
Specimen No. 8, Table 10, Specimen No. 9, Table 11, Specimen No. 2, Table 12,
(06225 V). (0.29% Ti). (0.012%5 Al)

Photo. 22 x 180 Photo. 23 %180 Photo. 24 %180
Specimen No. 3, Table 12, Specimen No. 5, Table 12, Specimen No. 6, Table 12,
(0.06% Al). (0.94%; Al). (2.15% Al).
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Photo. 25 x 180 Photo. 26 x 180 Photo. 27 % 1000
Specimzn No. 2, Table 13, Specimen No. 10, Table 13, Same specimen as in Photo.
(0.31% Cu). (4.0% Cu). 26.

Photo. 28 % 1000 Photo. 29 %180 Photo. 30 x 180

Same specimen as in P\hoto. Specimen No. 2, Table 14, Specimen No. 5, Table 14,
26. (0.18% Sn). (0.79% Sn).

Photo. 31 * 180 Photo. 32 % 180 Photo. 33 %1000
Specimen No. 2, Table 15, Specimen No. 7, Table 15, Same specimen as in Photo,
(0.029% As). (0.85% As). 32.



