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I - THE CAUSES OF INCOMPLETE GRAPHITIZATION NEAR THE

SURFACE VHEN WHITE CAST IRON IS MALLEABLEIZED

INTRODUCTION

Ho systematic study of the incomplete graphitlization near the sur-
face of white cast iron, which freguently occurs during the process of
graphitigation, has been made, It was because of the need of such &
study that this work was attempted. I% was thought that such a study
would develop certain principles which might be used in preventing this
difficulty.

This incomplete condition is represented by a thin band of combined
carbon existing as pearlite and varying in composition up to eutectoid
or even hypereutectoid. It is usually distinctly hypoeutectoid. It is
situated parallel to the surface end varies in depth according to condi-
tions, There is ueuslly a band of ferrite between this pearlitic portion |
and the surface but sush is not necessarily the case. Inside the pearl-
itic area are the ferrite and carbon spots of the normal malleable iron.
Due to the appearance of this structure, it has been given different
names chief of which is "picture frame" which will be its name in thie
paper,

| Due t0 the fact that the pearlitic layer is distinctly harder than

the ferrite poﬁions irregularities cccur in the machining operstion that

hinder greatly the high speed process. Its effect is also felt in other

wayse This incomplete graphitigation i{s then a seriocus considerstion in

malleasble cast iron production and is the cause of great loss of yield in

the product.
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HISTORICAL
‘The formation of pleture frame has long been recognized. Its pres—
ence wap for a long time detected by the nature of the Ifracture and varicus
canges of these fractuwres were assigned, With the advent of the microscope
into metallurglical control a closer ac¢quaintence with picture Iframe was

had.

In spite of the long recognition of this trouble there is but little
discussion of any value in the literature. FE. Touceda has done nuch 1o
direct attention to a specialized study of this problem, but he wae more
interested in a practical result than in a theoretical discussion of ths
difficulty. His first study considers primarily the nature of the frac-
ture. (1) He refers to 1% here as "skin formation." In a later paper,
{2) he mentions pieture frame. In this article he says, "Very frequently
certain low sllicon, carbon, mangsneseo compositions will yield what are
known as picture frame fractures.” Typical ones were produced by him in
bars containing: Si, 0.54%; P, 0.162%; S, 0.053%; ¥n, 0.108%; C, 2,01%.
(This would be an extremely siow graphitizing alloy.) He found that the
pearlitic portion generally corresponded to a combined carbon composition
of 0;55% Ce 10 0.45% C. Quoting further, he sald, "If the sulphur in the
hard iron is unduly high and particuiarly if not well balanced by manga-
nese the ocastings will almost invariably show s picture frame on the frace
ture, and especially is this true if the temperature of anneal is too high
and. not well balanced by sulphur the geme reswlt will fellow., There are

some compositions that unquestionsbly have frame producting tendencies,
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These compositions will mot produce a frame shen amnealed in en atmosphere
which is not oxidizing." Surfrnce structure of the white cest iron has no
effect 28 was shown by his experimente. "It is the belief of the writer
that whether theres will be & pesrlitic zing or not depends upon the rate
of surface decsrbonization &5 compared with the rete at which a dissociz-
tion of the cementite ta.k':es plece, When conditions sre such that there
will exist & region between the decerbonized surfece border send the core
that will have a carbon content of gbout 0.90%, equilidrium seems to be
established in this region and i€ carbon passes from this region to the
decarbonized border it is replenished by carbon from the core."

By rcheating a series of eight specimens he found that the picture
freme fracture was found to be deeper cach time and was deepest and widest
in the sample heated eight times. In each ameal the total carbon de-
cressed. Again quoting, "‘l'he' mater. can be summed as follows: 4f condi-
tions are such that a region containing 0.90% or less carbon is formed
this region while permitting carbon t¢ migrate or diffuse through it will
at the seme time be incapable of having its carbon precipitated. Under
proper conditions the region can alter its position and increase in ex-
tent; For such a region to have & start it 1s essential that there be a
very substential difference in carbon content in the two parts of the
gection."”

Oberhoffer and Welter (3), (4), studied the effect of sulphur and

mengenese in the Pormation of picture frame, It was definitely ghown by
anelyses and photomicrographs that an accumletion of sulphur due to fur-

nace conditions takes place in the outer portions of the castings being
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graphitized. It was also shown that when a low sulphur alloy is treated
in en atmoéphere containing sulphur thet this element was absorbed to in-
crease the sulphur content. On the other hand excessively high sulphur
contents may be reduced during treatment. The presence of oxides were
aléo shown in the surface decarburized portions.

Oberhoffer and Zingg (6), made a study of equilibrium conditions in
furnace gases end suggested equations for the decarburization of iron.
ﬁigh gilicon content was found to increase the amount of skin and scale
over that formed at lower concentrations.

Bean (6), divided fractures in which picture freme was present into
two classes: TFirst, a stable pearlite near fhe surfaé'e resulting from
sbnormsl compopitions. This pearlite is incapable of graphitization.
Second, "annealing;;.or "cooling" rim pearlite not necessarily stable.
This is the result of a "rate of cooling at the eritical point being so
high as to0 arrest the graphitization in that portion of the casting where
decarburization had already remdered graphitization gomevhat difficult.”
The pearlite formed through this cause can be made to graphitize by
longer treatment provided abnormal compositions do not emter into its
fomapion.

| EXPERIMENTAL

It was shown quite conclusively in a portion of this research omitted
from this thesis that oxldation is one of the factors in picturs frame
formation. Congiderable thought wes then given %o the various constituents
in the white cast iron which might be affected., The simplest conclusion

was that some of the silicon existing in the casting as solid solution
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might be oxidized to siliocon dioxide during the graphitization process.
This would remove part of the silicon from activity in promoting graphi-
tization and the process would therefore be slower. Since the oxidation
of this silicon would be greatest at the surface the lowest concentration
of silicon existing in the solid solution would be there, As the interior
of the alloy is reached the amount of silicon dloxide would decrease,
There would thus a.riae1a. silicon gradient causing a graduslly increasing
rate of graphitizetion toward the ceniral portions of the camting. The
decarburized portion was considered to be due to the direct oxidation of
carbon by the exterior gases,.

To test these ideas test bars of both white cast iron and malleable
cast iron were put into cylindrical shepe so that concentric shells could
be machined off the bars and anslyzed after these had been heat troated.
These shells were one half millimeter thick. They were analyzed for
~silicon and silicon dioxide by a method glven by' E. Britzke (7).

In this method total silicor is determined in the usual way and the
silicon dioxide ie found by passing dry chlorine gas over the samples to
be anslyzed. These samples were placed in porcelain boats which wers put
in a three guarter inch guartz tube thirty inches long through which the
chlorine gas wasg .passed. The chlorine was purified by passing it through
dry calcium chloride, sulphuric acid snd carbon which was placed ia the
quartz tube in such & way as to be heated to the temperature of the samples.
This was to remove any oxygen in the gas. We used a twenty inch tubular |
electric furnace which wes mads for this work. The samples were heated to
sbout 900° C. but most of the action had cessed before a dull red heat was

reached,
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The residus consisting of carbon and silicon dioxide was put into
a plati;mm crucible and weighed., After any carbon was burned off it wams
welghed again., This loss in weight represented an approximete carbon
determination, The remaining residue was treated with hydrofluoric scid
to give the weight of silicon dioxide which was present in the shell of
the test bar, The method proved to be very difficult end checks were
present in every analytical test to mske sure of the conditions. Five
boats were generally run two or three of which were samples to be
annlyzed. The least variation from ideal conditions destroyed the valuse
of the result,
The test bars used in these tests had the following analysis:
C, 2,40%; Si, 0.98%; P, 0.19%; ¥n, 0.28% S, 0.05%.
The experiments are summerized under the tests enumerated below.
TEST NO. 1
4 cylindrical bar of mallesble cast iron (No Agzg) was pﬁ.t in & thres
inch iron pipe nearly f£illed with fine graphite and closed at bhoth ends
by means of caps. Another eylindrical bar (No Azo) was put in the open
hump furnace together with the sbove three inech pipe end its contents,.
The furmnace was closed end holes covered with insulation, The heat
treatment given was:
Heated to 1760° F in three hours and held 18 hours
1760° F 4o 1400° ¥ in 6<1/2 hours
1400° F to 1200° ¥ 4n 7-1/2 hours
1200° ¥ to 1000° ¥ in 13 hours
Cooled in furmace
The bar No A.":\O
of the concentric shells is glven in Table 1. Ber Wo A52 showed ox-

showed no indication of oxidation, .The analysis

cessive oxidation and i1ts shells analyzed as given in Tadle 2.
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TABLE 2
ANALYSIS OF SHELLS OF BAR Ao

ANALYSIS FOR CARBON

TEST KO, | | SHELL NO.
: Surface : s : : Interior :
: 1 . 2 2 3 2 4 3 5 :fRemarks
: 0 H : H :In 1 oxides
1 s 0.00 : 0,256 : 0,70 : 1l.18 : 1.77 : present
: : : : : :In 2 attempted
2 3 0,03 : 0,15 : 0,60 : 1,03 : 1,33 : to pick from
! s : s : H oxides
AVERAGE . 0,01 [ 0.20 ; 0.70 | 1.0 | 1,65 |
ANALYSIS FOR Si as S1 Oy
PEST NO. SHELL NO.
t ourface : : : : Interior Remark
3 1 : 2 3 3 s & 5 g LOMATIS
: 3 : : : !
1 ' 2.8 ‘0,141 % 0.03° 0.04 % 0,08 ¢
s s L : : H Seme asg
2 ' 0.6 ‘0.8 : 0,00° 000! 0,00 °  8POVE
» < [ » > »
AVERAGE | ;0.1 1 0,02, 0,02, 0,02 .
TEST NO. 2

For the purpose of finding the result of a long treatment at a high
temperature with carbon monoxide and carbon dioxide acting under condi-
tions which are not. oxidizing a cylindrical bar of malleable cast iron
(No Azz) was put in a three inch iron pipe filled with graphite and ciosed
at both ends as in Test No. l. This was held for shout f£ifty hours at
1780° F to 1800° 7 end cooled .in the furnace, Upon removal a slight in-

dication of oxidation on the surface was present, The analysis of the
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TABLE 3

ANALYSIS OF SHELLS OF BAR Ags

ANALYSIS FOR CARBON

SHELL NO.

TEST NO.

s Interior:
5 :

:

Surface
1

as a3

N~ @
0 0 124

L ] *
e
. . as as
~ ~t O
H* o O I

L L ] e L]
P
- *8 e an
B D < O
SHESS

[ ] - [ ] L ]
R

s s0 €0 ws

O M O
N @ FH
e & & o

8 &3 =% o3

Ot <t

1,56

1.67

l.42

1.19

*”

£

ANALYSIS FOR S1 as Si 02

SHELL NO.

as

e

Surface

0

o

er ©3 or o0

(AN AT I W )
[eNeRoRe)
" ® -

.
QOO C
e we 22 e
o~
[ NeNeo Rl
e e o »
QOO0

" 20 o9 s

0.05
0.04

0.08
0.08

se s 85 es

0.35
0.25

®s v 0 e

0.02

e 84

as »3

»r ae

3

TEST NO.

A malleable cast iron bar (No Azy) was packed as in Test No., 2 and

heated for 44 hours at 1400° F to 14?50 F then cooled in 9 hours from

F. This was followed by seven hours cooling to 800° F.

0

1478° F to 1300

The bar showed considerable oxidation due chiefly to furnace conditioms.

After removing these oxides the shells anslyzed aé given in Table 4,
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TABLE 4
AWALYSIS OF SHELLS OF BAR Aps

ANALYSIS FOR CARBON

:
TEST NO. . . SHELL 0. L
t Surface : : : : Interior:
: 1l : 2 : 3 : 4 s 5
1 : 0.12 s 0616 ¢ 083 1 0.83 3 0,97
2 : 0.06 s 0.22 0.20 : 0,41 : 0.9 :
3 : 0.06 : 0,10 ¢ 0.16 : 0,36 ¢ 0,70 :
4 : 0.1l2 : 0.26 0.22 0,72 : 1.04 :
. - ® 14 L9 .
AVERAGE M 0009 H 0018 H 0020 H 0058 : 0090 H
ANALYSIS FOR Si as S1 O,
TEST NO. | SHELL NO.
:  ourface 3 : : : interior:
: 1 s 2 3 3 ¢ 4 : 5 :
1l : 0.40 : 0,01 0,01 : 0,01 : 0. :
2 H 0.02 : 0,01 0.00 : 0.00 : 0.00
5 H 0.01 M 0000 H 0-01 : 0001 H 0001 H
& s 0.08 : 0,00 ¢ 0,00 : 0,00 : 0,01 ;
AVERAGE : 0,02 : 0.0l : 0.0l : 0.01 : 0.1
TEST NO. 4

Mr. G. C. Scott (8) was doing experimental work at this time s0 a
cylindrical bar (No A57) was given a heat treatment wnder a pressure of
sixty pounds per square inch the gases beinz an equilibrium mixture of

carbon monoxide and cerbon dioxide. The results are given in Tadle 6.




TABLE 5

AFALYSIS OF SHELLS OF BAR NO Asy

s
t SHELL NO.

+ Surface : : : : Interior:

: 1 H 2 H 3 3 4 s 5 1

Zc P 0439 ¢ 1,77 * 1,92 :  1.B6 @ :

4slas @ : ¢ H : H

51 0p @ 0,10 0,04 : 0.,0& 0,03 H

s : 3 : :

A summary of the results given above and of

nature is given in Table No. 6.

others of 2 similar

TABLE 6

TABULATED RESULTS OF ANALYSES OF CONCENTRIC SHELLS

SHELL, NOQ
¢ Surface : t : sInterior :
s 1 2 : 3 i 4 B ; Remarks
: 1% sis % Sis 1% S s% Si 1% si:
t4C : am :%C:as :9C s a8 :4C:as 14C :as
; 351 0o 35102 181 0o -Sio 3 18 0o
H H : H H H H : 1Average of

Bar Ko
s 3 : :

Bar Ko
: H H : :

Bar Yo
: H H H :

Bex ¥o
: : : H

Bar No
H H : H

A54=0.06 0.11:0.11:0,00:0,13:0,01:0.39: 0.00 0.56: 0 00

H
A57=0.5930 10:1.77:0, 04;1.92=0.04=1 56-0.05: :

Az0:l,. 85:0 0732.18:0.03:2,29: 0.0532.55:0 02:2.41:0.01: 5

H : : ¢ :0xides pre-

A32:0.03: 0 5630430:0,11:0,70:0,02: 1 10:0. 02 1,55:0,02:8ent in lst

shell

H ! : : :

Ag3:1.44:0.2531.19:0.0631.42:0,0351, ev.o.os 1. 5610.021

] H H

: H H H

Miscellaneous

s ab ev s ae

Bar No A51.O 56:0 2:0.71: 0.01:0 92:0 00: 0 52:0 01:1.06 O 00:

Bar No

A5220.26x0.1420.50 :0.0130.78:0000.0.51.0.02.1.02 10,001

: ¢ H H H
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From the results of the tests just recorded it can be seen that the
oxidation of silicon in the surface portions of the white cast iron as it
graphitizes 1s not an important factor in causing "picture frame,"
Anglysis of the concentric shells of bar No Ass for phogphorus geave
the following results:
Shell Mo, 1 2 3 4 5
% Phosphorus 0.216 0,234 0.247 0.234 0.219
This was a little higher than the average analysis of the bar which
was 0.19% phosphorus, It has been shown that sulphur will acowmlate in the
surface portions of the piece as it is being graphitized if sulphur is presert
in the furnsce gases., Any study of sulphur must include a parallel study of
manganese due to the close relationship of these elements in iron alloys.
The presence of s carbon gradient is distinctly visidle in any malleable
iron piece, This study then at this point become a study of the effects of
the different constituents present in white cast iron, on the graphitizion
rate, when the carbon is at different concentrations.
It was aceovdingly decided to make alloye that had but one of the
constituente veriant while the amount of carbon was held st different
values, This should give the effect of the different constituents under
different carbon concentrations. To make these alloys proved to be a task
that required much labor and material before a technique and method were
developed that wonld give desirable constaney in the compositions.
The alloye were made in an Ajax induction furnace., The coil was
cylindricael in shape, four inches in diemeter, ten inches deep, Inside
this coil was placed & four inch asbestos shell as a pretection to the

coil, Different sizes of cylindrical ‘carbon crucibles made from Acheson




L &
graphite were centrally located in the furnace end vitrefax (an impure
magnesium oxide) screened between ten and thirty mesh was put between this
snd the asbestos shell, This screened material proved to be the best ine
sulation we could find. Since the chief function of the graphite crucible
put in the furnsce in this way was to hold the insuwlation it was sometimes
made with & very thin wall to give = larger capaecity.

Refractory linings were made in another graphite crucible of such a
size as to £it loosely in the furnace as prepared zbove. These were also
made of Acheson graphite. The lining was of finely powdered vitrefax
(60 mesh) which was chosen after trial because of its greater strength
over linings mede of pure magnesium oxide. Some loose vitrefax was put
in the bottom of the graphite crucible and a tapered carbon rod or s piece
of glass tubing of the proper size was centrally located in the crucible,
"Vitrefax" was then filled around the rod or glass tubing and packed by
means of pounding on the table adding more vitrefax as that around the
rod settled. When sufficient was in, the rod or tube was carefully re-
moved and an unbroken lining resulted. This was put in the furnace and
heated to about 1800° C or until it fumed profusely. After slow cooling
a ver& dense hard crucible lining slightly smaller than its container, so
that it could be easily removed, resulted.

The thickness of its walls could be easily regulated. These linings
were always p.sed in a graphite container as a protection to the furnace
end alsc as & means of lifting out of the furnace. Above 1600° C these
linings get quite fraglile end hard to handle when full of molten iron.
When the deptl; of the molten alloy exceeded three inches the refractory

crucible was very apt to crack and sllow the contents to be contaminated

with an excess of carbon,
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A1l the alloys reported in this research were mede by melting about
800 grams of a mixture of white cast iron and ARMCO Ingot Iron together with
enough ferro-phosphorus, ferro-manganese, ferro-gsilicon, and irow sulphide
to epproach the desired composition, This 800 grams ¢f melted alloy wes
poured into four smaller erucibles which had been heated to about 900° C
to avoid cracking. Bach of these portions was again melted and carbon
additions made., They were then poured into dry eand moulds and allowed to
cool. The chemical composition of the alloys together with the heat treat=
ment nuwnber snd the results are givenm in the following Table &,

TABLE 8

ANALYSIS OF SAMPLES USED IN TESTING GRAPHITIZATION
RATES WITH INDICATED HEAT TREATMENT AND RESULTS

SEMPLE : : : : : sHeat Treat-:% Graphi~:
N %51 :2¥n:%8: %P : %C ment No ttization :
114 4 11,0% :0.249:0,03 :0.161:1.70 : : 44 :
114 B :1.03 :0.244:0.041:0,188:2.08 : : 8
114 C :1.00 :0.,240: 10,192:2,30 : 4 ¢ 57 s
114 D :0.95 :0.,82268:0,045:0,205:2,53 : : 70 :
| : z : : : 3 s
122 A :1.056: . :0.0282:0.218:1.84 : s 89 :
122 B 10,985 10.033:04299:2.24 4 : 75
122 C :0.,9865: :0,021:0,192:2.88 ¢ : 29 :
122 D :0.946: :0.087:0,184:3.,35 :+ 100 :
: H : H s : : :

139 4 : : s s H s b7 H
139 B : 3 2 H : : ¢ 89 :
139 C-: IUPLICATE OF 142' : 92 :
139 D : : : : s : : 3
F : s : : H : H

142 A 10,76 :0,154:0.068:0.,17 :+ 1 :See No. ¢
142 B :0,74 :0,155:0.,054:0,16%: s : 139's :
142 C 30,77 30,155:0,057:0.155: : 3 :
142 B 0,76 :0,157:0,044:0,165: b3 ' :
H 3 s H : : : :

161 A 20,71 :0.13 :0.,073:0.21 :1.65 t  20.6
161°B $0.71 :0.12 :0.070:0.,20 :2.,13 ¢ 1 :  49.2
161 C 30068 30010 t0.07530018 32.28 : 2 64.3 :
161 D :0.69 0,13 :0,074:0.19 12,47 : :+ 68,6 :

(Continmed on next page)




SAMPLE s : : 3 3 tHeat Treat-:7 Graphi=:
N :+ %58is SMs 45 : 4P :14C : ment Ho :tization :

: ) 3 : s : ) s

166 A :1.022:0,218:0.,042:0.201: : ¢ 70 59
166 B :1.,026:0,202:0.,044:0.198:5¢e : 55 ¢
166 C :0.968:0,193:0,046:0.199:Fig,. 14; 2 s 70
166 D :0.985:0,196:0.,046:0,188: s s 76 s
: : H : 2 3 g 3

168 A :10.888:0,23530,042:0.,283: 1 3 2 : 74 32
168 B :0.845:0,220:0,046:0.260:See : t 49 23
168 C 80.79030020930004630.2553?18. 1B; s &4 3
: 55 18 :

: :

168 D :0.825:0,214:0,04130.270:

. H H 1 . L

The reesmlts are recorded by means of a term "percentage graphitiza-

tion" which 1g defined as

area of ferrite
ares of |ferrite + peariite)

x 100

The heat treatment was much a® only to allow partisl action below the
eutectold temperature (1420° F). This was done by holding at about
15000 F to 1360° F and removing all the members of any one set at a

chosen time ususlly found by previous experimemt. The samples were
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polished, etched and the relative areas of pearlite, carbon and forrite
counted by means of & set of squares placed on the microscopic immge
focussed on a ground glass. ©he positions of these observations wes
taken in & definite way over the surface of the sample znd at lesst ten
imeges recorded for a result. It is thought thut the abeve method of
recording gilves a very good picture of the state of the sample during the

process of the action below the lower criticel point,

HEAT TREATMENT NO. 1

Heated to 18257 P in 2-1/2 hours

Cooled to 1725° F in 1 hour

Cooled to 1708° P in 75 hours

Cooled to 1400° F in 16 hours

Held between 1400° F and 1340° F ~ 3-1/2 hours

HEAT TREATMENT NO. 2

Heated to 1760° F in 2 hours
Held 1760° F tp 1700° ¥ for 110 hours
. Cooled 1700° F to 1365° F in 9 hours
On removal these did not show a dssireble structure Tor comparison
80 they were again put in the furnace and held at 1500° F for 1 hour.
Cooled to 1420° F in 2 hours
Cooled to 1240° P in 12 hours

HEAT TREATMENT NO, 3
‘Heated to 1700° F and held 10 hours
Cooled to 1430° F in %~1/2 hours
Cooled to 1250° F in 5-1/2 hours
HEAT TREATMENT NO, 4
Heated to 1700° F and held Between 1675° P and 1750° F for 42 hours
Cooled from 1675° F to 1475 ¥ in 6~1/2 hours

' Held 1475° ¥ for 2 hours
Cooled 1480° ¥ to 1355% ¥ in € hours

In the heat treatment of the samples 1t was found necessary to hold

some of them for a long time at the high temperature (1650° F to 1800° F)
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in order to complete the absorption of the free cementite, High sﬁlphur
together with low mangsnese was the worst condition met with. High mone
genese with a low sulphur increased the time necessary greatly, Low
silicon made the time longer. The effect of phosphorus was not so pro=-
nounced but seemed to be of the opposite nature, In all cases it took

longer for the absorption of the cérbon in the high carbon saemples.

B

In two gets of alloys, ome giving different manganese contents and

2
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the other different sulphur contents, there was a definite minimum time

e

T A
2EAD{ E5 Ay

requirement at the high temperature indicating that there is a manganese
and sulphur ratio.daviaticns from which makes the graphitization slower.
This was also found %0 be true in the graphitiszation below the eutectoid
Temperature. Vhether or not this retio of manganese to sulphur . that
gives the shortest time is & constant for various compositions of either
constituent was not investigated,

A series of experiments reported in a published article (9), were

based on the concept of a manganese sulphur ratio that gives faster
grephitizing material. Sulphur was added to high manganese alloys to
improve them end manganese was added to high sulphur alloys for the same
purpose,

Quantitative data obtained in this laboratory under the direction
of Dr, Anson Hayes further showing the effects of chemical composition

on graphitization rates are given in Tebles 9, 10, and 11,
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TABLE 9
EFFECT OF MANGANESE OF DIFFERERT COMPO-

SITIONS ON GRAPHITIZING TIME BELOW Ary
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TABLE 10
SITIONS ON GRAPHITIZING TIME BELOW Ary

EFFECT OF MANGANESE OF DIFFERENT COMPO-
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TABLE 11

EFFECT OF MANGANESE OF DIFFZRENT COMPO-

SITIONS ON GRAPHITIZING TIME BELOW Ary
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During the progress of this research problem there was reported a
similar investigation by Kikuts {12). In this work the effect of the
various elemente on rates of graphitization of white cast iron were
studied by meens of a dilatometer., This method had the distinct advan-
tage in that the progress of the action could be watched and a definite
time result easily attained. GCraphitigzation wes divided into two parts -
the absorption of the free cementite at the high temperature (17000 F -
].1-300o F) being called the first stage and the precipitation of carbon
below Ary being called the second stege. His results give quantitetive
confirmation to results of necessity of a more qualitetive nature found
in this resesrch, His data however were got from a different point.of
view and only two carbon compositions (2,004 C and 2.50% C) were studied
consistently. The second stage of graphitization was only studied with
the alloys shown in Table 12, It can be geen that there are only two
alloys in which the carbon is very different from 2.50% {14 end 32) and
the difference in these is only in the silicon., The graphitizing times
(25 end 7-1/2 hours) show distinctly the effect of carbon at '?100 C.
Probably a better comperison is with No. 14 and 25 which show graphi-
tizing times of 25 hours end 12 hours respectively. The effect of

silicon on this time requirement is very plain from the datas,
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ALLOYS STUDIED BY KIKUTA (12) WITH REFERENCE
TO THE SECOND STAGE OF GRAPHITIZATION AT 710° €

SAMPLE ¢ : : : : s7ime of graphiti-
Ko $:%C 3 %si :4¥n ;. %S 4P  szation at 710° C
14— ¢ 2,09 : 1.22 3 0.2% : 0,028 ¢ 0.122 : 20 hours
2l — : 2,45 : 0.86 :0.,19 ¢ 0,029 : 0,115 : 25 hours
24 — 1 2,42 : 1,07 : 0,17 : 0,028 : 0.13¢ : 16 hours
25 ¢t Be53 ¢ 1Bl : 0,17 3 0,021 : 0,137 : 12 hours
26 t 242 i 1,35 : 0.6 : 0,023 : 0,132 : 9 hours
27 t .39 @ 1.5l ¢t 0,16 3 0,029 1 0,127 ¢ 6 hours
28 t 2441 : 1.64 : 0,19 :0.028 : 0.129 : 5-1/2 hours
32 t 2486 : 1.23 : 0,17 : 0.021 : 0.095 : 7-1/2 hours

40 3 BeBL 0t 1,15 : 0.46 ¢ 0,033 : 0.127 : 24 at 700
41 — 2 B4.61 ¢ 1,20 : 1,02 : 0,038 1 0,130 : 43 at 690
46 t 245 ¢ l.24 : 0.86 : 0,007 : 0,061 : 6 hours 20 min,
47 — 1 R.62 : l.15 1 0.22 : 0,026 : 04126 : 10 at 710° C
48 — 2,50 : 1.4 : 0,22 ¢ 0,051 : 0,121 : 15 hours
49 — 2 2,64 3 1,14 : 0,22 ¢ 0,068 : 0,128 : 23 hours
50 — 2 2445 & 1,18 : 0,22 : 0,072 : 0,120 : 22 + x
56 t ReB& 3 1,13 : 0,22 2 0,027 : 0.212 : 11 hours
658 — 3 2.40 : 1,14 : 0,22 : 0,039 : 0,451 : 9 hours
60 S 2.41 . 1.06 : 0‘20 s 0,059 : 0,792 : 10 + x

3 : : : : :
DISCUSSION

The ovtstanding fact developed in the time studies of graphitiéa—
tion indicate that & carbon gradiemt resulting from the removal of carbon
from the surfaoe portions of the castings is one of the ceuses of picture
frame. In commercial practice the carbon is removed completely in the
fexrite rim and carbon nuclei are asbsent in the pearlitic portion. The
absence of these carbon neuclel is one reason for slow graphitization in
this portion.

We have also seen the effects of the various compositions of the
constituente manganese end sulphur on the rates of graphltization of alloyn
of the same carbon content the promotion of picture frame by the smbsorption

of sulphur from the furnace gases is then very plain, Aggravated conditions
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of this type however will give rise to the class of picture freme caused
by stable pearlite as outlined by Bean (6), To remove this pearlite de=
carburization must take place, In some of our tests of commerciel sem—
ples such conditions heve been met.

It is highly improbable that any gradient of impurities will form
such that the high concentretions of them will be =t the surface of white
cast iron, The impurities, especially phosphorus snd sulphur, tend to
accwmlste in the lest solidifying liquid, Proper attention to sinkheads
and the avoidance of shrink in the castings sliminastes considersble of
these impurities by having this last solidification take place in the
ginkhead. The acowmlation of phosphorus amd sulphur in the surfsce
portions as has been shown must then result from conditions arising during
the annesling 0peration;

In the cszse of phosphorus a reason for its higher concentrstion near
the surface cen be besed on the fact thet phosphorus tends to separate
itself frem the carbon containing portiong of the plzce. As the surface
is decarburized phosphorus diffuses to these carbon free arsas. Those
phorﬁs however has no decided effect on the rate of the action at 1300° F
until its concentration gets considerably greeter than that ordinerily
present in the malleable cast iron.

The accumulation of sulphur in the surfacé portions has been ex-
plained above from the work of Oberhoffer and Welter (3), (4).

It may be said that certain compositions have greater pleture frame
tendencies than others. In some cases we have met picture frame pearlite
after extended time treatment at 1300° F while in others the tendency must

be recognized in the partially graphitized piece. Except in the extreme
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case the pearlite will elways decompose if given time. It 18 not per-
misseble to consider the furnace guses responsible for all picture frams
but when compositions are not idesl, or particulsrly when the menganese
sulphur ratio is off, picture frame formation becomey more of a problem.
With o nanganese composition thet is neer the lower 1limit necessary to
reutralize the sulphur wh.en this Yoo is low, the enstings sre particularly
gensitive to sulphur content in ‘the furnace geses since the absorption
of sulphur under these conditions retards the graphitization rate very
much and picture frame resulis. Any slowly graphitising casting has a
narked tendency toward picture frame,

As a.resuli: of work not given in this thesls other causes of plcture
freme have been found and it is boped that these can be given consideration
at some future date.

SUMMARY AND CONCLUSION

It i9 shown ir this peper that picture frame in malleable castings is
due to:

FIRST == A carbon gradient which results from the oxidation of ihe

cerbon pregent in the casting by the furnace gases,

SECOND -~ The mbsorption of sulphur from the furnace gases causing a
high sulphur content in the surface portions and & result-
ing slow action at 1%00° F in these portioms, and

THIRD ~~ AllOys whose composition causes it to be o slowly acting
one.

FOURTH - When the plcture frame is not due to "stable" pearlite 1t

may be removed by further annealing.
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FIFTH == Oxidation is a primary cause of picture frame but other
causes acting in conmmection with this muet be considered

before a true picture of the process of its formation is

had,
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11 - THE PRODUCTION AND PREVENTION OF EMBRITTIEMENT IK MALLEABLE
CASTINGS BY HEAT TREATMENTS BELOW THE CRITICAL RARGE

INTROIUCTION

Many mnllesble castings are used under conditions in which thers 1g
no wearsand to prevent their deterioration thromgh corrosion, coatings are
applied. Probably the cheapest end bost method of app].ying a durable coaf~
ing is by galvanizing with zine in the "hot dip" precess. The process cous
gists in immersing the castings for a short time in the molten zine, the
bemperature of which is kept near 840° F, to 850° F. in order to keep the
gine in the flnid condition.

Difficulties that have not yet been expleined arise as a resuli of
this galvanizing process. Perfectly normal mallesble castings whenm sube-
Jected to this galvanizing treatment often result in material very brittle
in nature end of a very inferlor gquality. This paper is a discussion of
work deone in seeking information about these difficulties.

HISTORICAL
In discusaing the brittle condition caused by galvanizing mallesble
castings Bean (13) says:
"A large mumber of specimens have been examined carefully under the
microscope without as yet having discovered any definite change in

nicrostructurs accompanying the presence of such a white fracture."

A micrograph of a galvanized specimen which possessed normal fraoturs
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before galvenlzing showing that from all appearamces the mierostructure is

identical with that of normal annealed mellesble cast iron was given by Besau.

A normal) fracture of mallesble cast lron is & blacgk fracture, the cast-
ing being ductile and not brittle. A vhite fracture resulits when a brittle
malleable casting is broken. In the black fracture the rupture is through
the grains of the material and in a white fracture it is along the grain

surfacasg,

Experimental work of a more direct nature than that of Bean was carried
out by L. He Marshall {14) with the results indicated in figure 2. Thess
resulta were obislined by lmmersing the normel mallesble casbings in an oil
or lead bath heated to the desired temperatwre. They were held in the bath

three minutes and then quenched. The analysis of his alloys wass

Oc.

H - 5 s H . ¢ ¢
(Alley o — hSle P ge. [ % Mn. , %S .
H : : 3 8 H 8 :
s A 3210 $3.00z Ce80 . s 0,20 H De26 H 0,073 H
H H 3 H 2 s H H
: B :2-5532-1@: 0,91 3 0.18 3 020 H 0.051 H
H 2 H H H 3 H $
s C 32090320858 Qe84 2 Qel7 $ 0688 H 0.072 H

His resulte were obtained on & notched sample of a definite size by
means of an impact machine in which the emergy necessary to break

the sample could be recordeds

EXPERIMENTAL
Due to the ebsence of any impact testing machine euch as that used
by Mershall we started testing brittlenese with a vice and hommer, It was
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soon noted that there were all stages of white and black frasture between tho
two limite. As the plece became increassingly brittle the white Lracture, be-
ginning on the compression side, would increase in width end finally cover

both tension and compression gides. We then considered that in the transiti

on stege between msllesble (black fracture) sud brittle (white fracture) thet

the proportion of the two kinds of fracture is a measure of the fransition

state, From the almest perfect consistency of every resuli taken im this manmer
it must Ve admitted that guch is at least partislly true. That such o siumple

test is so fruitful seems to indieate a very pronocunced condition in the plece

that is as yet unsxplained,

The samples used in these tests wers cut from normal mallesble cast irom
test wedges. No attempt in any test was given to the seleetion of any portion
of the wedges for testing. Nor was any attempt made to cut the pieces in
definite sizes. The only requirement was that the sample be small emough to
be breakable in the viece. This limited the thickness to about ome guarter
inch and the method of outting left them ome inch long. The wedges were cub
in o crosswise monmer and the samples always broken between the sawed surfaces

so that one was a compreesion side and the other = temsion side.

The analyses of the alloys together with thair ldentificaiion number are

. glven in table 13. These were fwrmnished by the Iown Malleable Company.

TABLE 13

ANALYSES OF ALIOXYS USED IN EMBRITTLEMENT STUDY

] Hon No. 2 % F. s : i% Sle 3
1 1 2 0,157 : 0070 ¢
: 2 2 0,157 : .02
: 3 P 0.188 : 0.96
: 4 0 0.211 : 0.90
: 5 P 0.218 0.7




s 6 3 00184 s 1,08 s

s ¥ s 06219 H 1,03 3

: 8 3 06175 3 0497 s

: 10 s Qel178 ] Q.77 3
TEST HO. 1

The purpose of the firat test was te find the temperature range in

. which embrittlement would take place. Accordingly a member of each of the
nine alloys was put in seven piles in the ten inch hump furnace.

The heat treatmeni follows:

Heated to 400° F. im 1 hour.
Held at 400° F. to 426° F. 1~1/2 hours.

Set 1 removed and guenched.

Heated to 585° F. in 1 hour.
Held at 5686° F. to 6059 F. 1/2 hour,

Set 2 removed and guenched.

Heated to 790° F. in 1/2 hour.
Held at 790° F, to 8059 Pe 1/2 hour.

Set S removed and quenched.

Heated to 995° ¥. in 1/2 hour.
Held at 995° ¥, to 1010° ¥, 1/2 hour.

Set 4 removed and qugnnhed.

Heated to 1215° F. in 1/2 hour.
Held at 1215° F. %o 1190° F. 1/2 hour.

Set 5 removed and quenched.

set 6 removed and air cooled.
Set 7 cooled In furnace,

The results of these treatments are shown in table 14,
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TABLE 14
RESULTS OF TEST FO. 1 IN TERMS OF FRACTIONAL WHITE FRACTURE

s_ Alloy Ko, 3 Seb 13 Seb 2 ¢ 5ot B et 4 & Set b 3 oeb 6 1 Set 7 t
: 1 (0,10 [ 0.25 ; 0,80 , 0.20 ;0,00 ! 0.00 }o0.00 !
. 2, 0.25 0,35 0,67 0,33 ;06,00 ;0,00 } 0,20 °
X 3 ;0425 0,20 075 . 0,20 0,00 ; 0.00 ! 0,00 !
: 4 0,40 0.0 ;1,00 0.0 0,00 ! 0,00 }0.20 !
: 5 ;0.0 ,0.26 1,00 | 0.25 | 0,00 o0.00 }o0.00 °
: 6 10,10 ;0,60 }1.00 | 0.25 | 0,00 0,00 0,20 !
: 7 ;0.0 0,90 [ 1,00 1,00 ;0,00 ;0,00 !0.10 !
X 8 ;085 0,20 | 0,75  0.35 , 0,00 ; 0,00 ;0,00 }
10 0010 0426  0.67 © 04256 . 0,00 @ 0400 ° 0,00
H 3 (] 3 3 2 e 3 3
TEST NO. 2

In the process of malleable cast iron manufacture the action that takes
place below the lower critical point is not complete in practice until a
temperature 85 low as 12500 P, is sometimes reached. This depends on the
rate of cooling in this temperature reglon and the graphitizing rate of the
castings themselves. It was therefore desirable to know what the effect of
different methods of cooling from 12000 P, to 1250° ¥, would have on em~
brittlemexnt rate, Accordingly the three sets (5, 6, & 7) glven the heat
{reatments as shown in test No. 1 were heated to 800° ¥, Set 6 was held
eme hour, One portion was @enched and another cooled in the furnace. Seta

5 & 7 were quenched., The results are summarized in table 15,
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TABIE 15
RESULTS OF TEST NO, 2 Iif TERMS OF FRACTIOFAL PART WHITE FRACTURE

s Set 6 heated to , Set & heated te 3 Set 7 heated to
s 800° P, for one , 300° P, for 16 s 800° ¥, for 16
: hour and cooled ; hours and cooled : hours and cooled :
2 i& 2 i} s in £
Alloy Ho. ¢ Water : Purnace 3 Water : Fater -
1 , 0s35 * 0,00 ° 0010 : 1.00 :
2 . 040 ¥ 0,38 * 0035 : 1000 :
8 . 0s26 % 0,10 ¢ 0455 : 1,00 :
4 050 0,50 * 0,90 : 1,00 :
6 S 0.50 010 ¥ 0.90 : 1.00 :
6 . 0e26 ¢ 0o26 ° 0410 : 1,00 :
7 ; 050 % 020 1.00 . 1.00 ;
8, 0,85 P 0,85 1 0.90 X 1600 X
10 ;055 ! 010 ! 0450 . 1400 :
TEST ¥O. 3

The purpose of this test was simllar to that in test No. 2. The
samples, however, were heated above the critical ranges and reccoled to
again graphitize them so that their complete history would be betiter kmown.
They were therefore heated to 1500° ¥, to 1550° F, for 2 hours, cooled to
1300° ¥, in 1 hour, cooled te 1250° ¥, in 10 hours, and held at 1250° F.

for § hours.

One set {No. 8) was quenched and the other {No. 9) was cooled in the
furnace. Tests on these samples showed a little more brittleness in the

furnace cooled pieces. Portions of each set were heated to 800° F, and

held 45 mimutes and quenched. The results of the test are shown in table 16.
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TABIE 16
RESULTS OF TEST NO. § IN TERME OF FRACTIONAL WHITE FRACTIURE

? ~: Bemalleavieized s Waber s Purnace 3 Water 1 Farnace R
4 3 and cooled frem ; cooled ; cooled 3 cooled ¢+ cooled :
Semple Noe : 1250° 7, in : from : from s from 3 from R
: : s 12509 B, : 12509 F, ; 12509 Fe s 12509 F,
X : ¢ Reheated : Reheated 3 Reheated : Reheated o
; 3 : to BOO® F.s to 800° F,; to 800° P, ¢ %o 800° P,
. : 3 & eooled 3 for 45 s for 26 Iwses for 26 hrse:
’ - $ in 3 mimutes & 3 & cooled In: & eooled in:
; 3 3 $2 cooled im ¢ : 3
3 sVater ¢ Furnace 3 Water s Wetor s Water :  Water H
8 I 10,10 ¢ t 0.2 s s 025 H 0,95 s
H 2 $ 0,00 ¢ t 0.20 1 1,00 3 050 : 0,76 :
$ S $ 085 3 . 0,32 ¢ 1.00 3 0.67 : 1.00 3
s 4 ? 020 ¢ 3 033 s 1.00 H 1.00 3 .00 :
: b H _0000 | 3 0.50 $ 1.00 3 0233 H Q90 H
s 6 32 0.10 ¢ 2 0,17 $ 1,00 3 0.95 ] 1.00 3
: 7 3 0e25 ¢ : 0.26 t 1,00 H 1.060 : 1,00 H
: 8 2 : 3 0,10 g8 1.00 : 0.95 : 1.00 3
H 10 3 0.10 ) H 0.55 ) 0.95 : 0.60 H 1.;00 H
2 : : 3 : : 3 3
TRIR [0, 4

For the purposs of watching the samples during cooling, some samples
were given the following heat treatments:

Heated %o 15509 F. and held 3 hours.

Oooled to 1320° P, in 6~1/2 hours.

Beld at 15209 P, to 1290% ®, for 11 hours, _

Cooled to 10000 F, and set 162 taken out and cooled in contalner.
{Hesgian crueible)

Cooled $0 800° ¥, in 4 hours and sot 165 removed and cooled in container.

Cooled to 600° ¥, in 5 hours and eset 164 removed and cooled im container.

Cooled to 400° ¥, in 6 hours and set 165 removed and cooled in container.

Cooled to 200° F. vhen sot 166 was removed.

The results are shown in table 17.
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TABIE 17
RESULTS OF TEST H0. 4 IN TERMS OF FRACTIONAL WHITE FRACTURE

5 ESBMALLEABLBIZSD A¥D SLOWLY
Alloy : COOLED TO =
: .

NO. § 10000 FO H 8000 Fo H 6000 Fu 3 4000 Fa 3 200‘:’ ¥o 3
1 3 04,00 : 0,00 1 0620 ¢ 000 ¢ 0,00 3
£ 3 0,39 3 0,09 s 0493 (o4O H 0638 b4
3 3 0.16 1 0.3 1 0,33 1 0,35 1t 0,00
4 3 0,25 e 0150 s 080 : 0,00 H 0050 H
5 3 0425 T 0,83 ¢ 0450 3 0667 3 0433 3

6 3 0,00 1 0050 : 0,50 & 0,50 1 0,40
7 s 0.25 H 0067 t 0l60 t 0.50 3 0,40 4
8 1 0435 T 0480 ¢t 0,60 & 0,33 : 0,40 ¢

10 s 0.25 ? 0633 3 0,35 1 0,35 : 0,00 :
H 1 $ 3 H s
TEST J0. b

Convinced by this time that there is some sort of an equilibrium
atate cheracteristic of each temperature and compesition, it was decided
to approach this equilibriam if pessible from perfectly brittle msterial,
Accordingly 3 ssts of samples (171, 172, 173) were heated at 800° F, for
19 hours end quenched, Sot 171 wss brokem as a check after this quenching.
get 172 was heated %o 250° ¥, for 13 hours and guenched., Set 173 was held

at 4009 P, for 2% hours and quenched, The resulie are in table 18,
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TABLE 18
RESULTS OF TEST NO. 6 IN TERMS OF FRACTIONAL WHITE FRACTURE

Alloy HOo & 174

s 178 3 122
3 & o § o T, 3 250° Fg
1l : 1.00 8 038 : 0440
2 s 1,00 s 0440 3 0640
S 1 1,00 3 0650 : 0.50
4 s 1.00 s 090 : 1,00
5 t 1,00 t 040 3 1,00
8 s 1,00 s 0650 H 0,90
7 ¢ 1l.00 ] 1,00 1 1,00
8 : 1.00 $ 067 ¢ 1,00
10 : 1.00 t 067 1 0475
TEST HO. &

This was intended to be a long tims study of the conditions
produced at each temperature using 50° F. intervals and due to lack of
time it was not completed. The samplee were held for 16 to 24 hours
at each temperature, This time interval was to be increased to oms
or two weeks at the lower temperatures. Even the gbove time gave a
revereal in a point or two &8s cam be seen from the curves of figure 5.

The results are tabulated in tsble 19,
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TEST NO. 7

It appeared from the results so far that both phosphorus and

silicon were playing parts in causing embrittlement. Two groups of

alloys were found that had quite different silicon contents with

phosphorus

the second

as a variant, The first gset was made by Mr. Foulle and

by Mr. Barlows. These alloys analyzed as shown in table 20,

TABIE 20
ABALYSIS OF ALLOYS USED IN TEST HO. 7

Sample Hoe ¢ % Go 3 ~%, Sie 3 '.%' Pa 8 % e $ % Se
FL . 225 . 110 , 0,075 . 0,184 . 0,055
F2 . 2.80 . 1.02 , 0,099 , 0.70 . 0,051
F& . 2.26 , 1.08 0,58 , 0,170 . 0,052
F& . 2.2 , 101 | 0,74 , 0,69 , 0,057
F6 . 226 , 1,01 ., 0,259 , 0,164 . 04050

: :
1=l 1 1.88 : 105 3 0,061 : 0.222 ;i 0,065
1=32 : 1.88 : le22 3 0,076 . 06223 H 0.064
1.3 H 1,99 H 1421 : 0129 s 0.2086 s 0,066
1=4 tH 217 : 1.20 ¢ 0,148 s 0.201 $ 0.066
1-5 8 1,92 t 1l.285 s 0.186 t 0.209 H 0.064
1=6 ] 1.87 : 1,22 1 0.212 : 0.283 $ 0,063

One set of samples was held at 800° F. for 1-1/4 hours and another

for 2 dnys.

Another set was heated to 1300° ¥. and cooled to 200° F. iu

50 hours and then reheated to 850° F, and held for 1 hour and gquenched

in water,

These results are in table 21,
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TABLE 21
RESULTS OF TEST MO, 7 IN TERMS OF FRACTIONAL WHITE FRACTURE

s”ﬁea.ged ET) : Heaged t0 : Heated to 1300° ¥, cooled to
: 800" P, and 3 800" ¥, an@ 5 2000 p, 4n 30 hours. Reheated

Sample : held 1~1/4 held 2 days s tg gEQO
. o 850 .
Hoe % hours. Quemched : and guenched Qmmhef 3,70d held 1 hour

o8 o2 e

: in water in weter 3

H £ :
Fl1 0.00 H 0.10 H 0433
¥2 H 0.10 H 0.00 H 0,00
B3 3 0.10 : 0,00 $ 0.20
b2 S 0.00 : 0.00 s 0eR0
¥& 3 0,10 s 0,20 s 0.80

$ H H
1-1 0.10 H 0.10 H 0.00
i=2 3 0.20 H 0,00 $ 0e2b
1-3 0.10 : 000 $ 0638
i=4 0.20 H 0480 : 1,00
i-5 3 0.50 : 0.60 3 1,00
=6 1@ 0,95 $ 1,00 $ 1,00

DISCUSSICGH

¥We have in figure 3 the results of heating normal malleadble cast iron
alloys of different compositions to different temperaturee bslow the critical
range for ebout one half hour. This graph pleinly shows the greatest effects

on those samples heated to 800° F,

In table No. 15 we have the effect of heating common malleable castiﬁgs
to 1200° F, to 1250° F. ard cooling in various ways on the embrittlement
properties produced at 600° F. and 800° B, The results are of the same
nature when the temperature (12000 p, - 1250° ¥,) is approached as in the

normal process of mallesbleizing as is shown in table No. 16, The value of
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quenching from 1200° F, is clearly shown. The facts given here have been
used as & basis for the production of very high quality malleable cast
iron, resistant to embrittlement in gelvanizing and effecting a savings in
cost of production by permitting the removal from the amnealing furnace as
soon a8 convenient after the action below the lower critical point is

completed,

In explanation of the effests of different cooling rates it is thought
thet while the castings are cooling slowly from 1200° F. to low temperatures
that they change their state at least partlally toward that which ig
characteristic for each temperature through which they coel., This gives
the castings partial embrittlement and much less action is necemsary in the
embrittlement renge to produce the white fracture than 1s necessary when they

were cooled rapldly either by quenching in water or in an air blast.

In reading the ourves of figure 4 it must not be thought that they

indicate a greater embrittlement at 400° F. than at 800° ¥, (e, g alloy
Fo. 5) but that it has approaohed this value while passing through the
embrittlement range. Recovery from embrittlement at 400° ¥, or lower is
quite slow but it does take place. This is shown in teble 18. In case of
alloy No. 7 the embrittlement range extends below 400° F, and there is no
recovery at 400° F, fThere is, however, at 250° F. Thess statements are in

agreement with the long time heat treatmenis recorded in table 19 and figure 5.

In reviewing ihe graphs one can plainly see the distinet difference of
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alloy Fo. 7. This alloy has a compositlon that is high in both silicon
and phosphorus. Alloy No. 6 with high silicon and rather high phosphorus
ig nearest to alloy Foe. 7 on figure 3, but the resulis of alloys No. 4, &,
& 6 allow of no differentiation. It appears that either silicon or
phosphorus may be the cause of ambrittlement. In either case the presence

of the other causes a spread in the embrittlemsnt raﬁge.

In table 20, figure 6 are shown the effects of pheosphorus variations
in two series of slloys each with & different but fairly constant silicon
content. Thess alloys chowed the effects of the initial cooling rate teo
a marked degree. If the difference in resulits in the two sets of alloye
is due to composition it is again plain that silicon is a very important

factor in embrittlement.

The curves in figure b are grranged in groupe of constant phogphorus
content., Silicon is different in each member of a group and its inereasing
concentration in each group increases the embrittlement rangs. The action

of phosphorus and silicon ars then matual.

SIMMARY AND CONCLUSION

|| 1t may be sald then that

B First:

The embrittlement is produced to the greatest extent at temperatures near
800° p,

5 Seconds
XL"

All ordinary malleable compositions become brittle at thls temperature if
held for a sufficient time,
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Thirds

That silicon and phosphorus mutually affect the embrittlement
properties.

Fourth:

That a rapid cool from & temperature just below the critlicel range
greatly reduces the tendency toward embrittlement and this fact can
be uged in prevention of embrittlement in the "hot dip" galvanizing
process.
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Figure 1A. This shows the structures of the alloys of series 166

together with the different carbon concentrations.
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Figure 1B. This shows the structures of the alloys of series 168

together with the different carbon cormcentrations.
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