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Hot-Hard Chromium Electroplate for Cannon." - -.-

Auos Harry F. Ross, William C. Schickner, Cloyd A. Snavely, and

Charles L. Faust.

Ob.c To establish fundamental inforzation leading to the development - @

of an erosion-resistant chromium or chromium alloy electroplate for

lining gun tubes.

Su§mmat Results of experiments are reported dealing with physical charac-

teristics of chromium electroplate and with new electrolytes for the electro-..-

h .... ^ 1.....4,,m •ha •awla l,• f'A11 in the three c'.assesi

fuRed salt baths, aqueous baths, and organic type baths. The new informa-

t'on serves as the basis for discussion of the possibilities for prodacing

a hot-hard electrocoating for cannon. -
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Qonclusions

-Expeprimental data show that nitriding or boroni-zing of chromium

plate is not a practicable method for counteracting the softening normally 0

occurring when the plate is heated above the recrystallization temperature.

A considerable amount of work vrith various electrolytes ha3 not indicated

a method for producing ductile chromium plate. The beat possibilities for

a hot-hard and ductile electroplate appear to lie in the alloy plating

field.

Report Period

This report covers the period from September 19, 1947, to

September 1, 1948. •
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FINAL TECHNICAL REPORT -,_.-__ -

on -TEDU'~

EVALUATION OF PRINCIPAL FACTORS
FOR OBTAINING DUCTILE. HOT-HARD
CHROMIUM ELECTROPLATE FOR CANNON*

by

Harry F. Ross, William C. Sohickner,
Cloyd A. Snavely, and Charles L. Faust

The work herein reported falls under the following general

headings:

1. An evaluation of the known factors governing the ductility

and hot-hard properties of electrodeposited chromium metal.

2. A study of the cathode film constituents and their effect

on film pH during chromium plating.

3. A survey of the possibilities for improving the hot hardness S

of substantially stress-free, low-contraction chromium plate as by deposi-

tion of chromium alloy, or by special hardening treatments.

chromium plating process to produce ductile chromium plate.

* The experimental data obtained in this vork are recorded in Laboratory

Record Books No. 2988, pages 72-100, a.- '-- . 3561, pages 1-87.
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0

INTRODUCTION
0

The work reported herein is divided into two main phases. In

the first phase the studies were related to the physical characteristics

of chromium plate. The information thus gained was used as the basis

for the second phase of the work which involved attempts to produce

chromium plate with improved physical properties.

EVALUATION OF KNOWN FACTORS GOVERNING THE
DUCTILITY AND HOT-HAM PROPERTIE.S OR

ELECTRQDEPOSITgD CHROMIUM META.

The factors governing the physical characteristics of chromium

plate were discussed in some detail in the final report on a previous

contract(1). The conclusions drawn therein were based on limited experi- - -

mental data. In the present work, new data were obtained which are be-

lieved to provide positive support for the earlier conclusions. In

addition, new information was gained which was not predicted by the -

earlier work.

The known factors relating to the hardness and ductility of

Avvn,,l• nlat.Q may ba listed ps follows:

(1) Final report submatted July 28, 1947, by M,•ittellc tiemorial Institute

under Army C.Cnance Contract V133-01P9 C"-62,S7. S

°-7-
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Grain size

Internal stress

Occluded hydrogen

Dispersed oxide

Metallographic studies of the structures of "as plated" and annealed

chromium plates revealed the annealing effects illustrated in Figures

1, 2, and 3. Recrystallization and grain growth did not take place at

300*C., yet are clearly evident after treatment at 500*C. The occurrence

of recrystallization and grain growth at treatment temperatures between

3000C. and 5000C. is thus established as an observed fact instead of a

postulated theoretical deduction from other facts. Additional informa-

tion relevant to these conclusions, but not essential to their formu-

lation, is reported in Appendix 1.

Other experiments indicated that the oxide particles in chromium

"plpte,vwhich are visible under the microscope, remain essentially un-

changed as to position during annealing treatments. There is a tendency

toward breakup of the oxide films into spheroidized particles. However,

no evidence was found that these particles migrate to the grain bound-

aries during annealing. Therefore, it is concluded that these visible

oxides play little or no part in the annealing process. Photomicro-

graphs illustrating these remarks rar shown in Appendix II.

With this new information available, the phro iu, ' ,,actors caus-

ing hardness and ductility characteristics of chro'n.itv., ,ere re-

inspected.



* - --. .--.r -'.-. - - - -

Grain Size

The extremely fine--grained nature of "as plated" chromium and

the recrystallized structure of plates, softened by annealing, are be-

lieved to constitute conclusive evidence that the hardness of the plates

is directly related to the grain size. The softening on annealing cn

be followed (through metallographic exanination of structures) as a 0

definite correlation between extent of recrystallization and resulting

grain size and the hardness.

Internal Stress

Internal stress in chromium plate has not been studied so

thoroughly as othae factors. It is known that "as plated" chromium con-

tains high internal stress which is relieved during annealing. The

slight softening on heating hard plate to 3000C. may be explained as a -- * -

result of relief of internal stress. X-ray photograms do not reveal .

this change in stress condition, since the fine-grained character of

the plate produces diffuse lines before and after stress relief. It is

certain that stress relief precedes recrystallization and, therefore, -

the temperature range for stress relief is fairly well established as

"being around 300 0 C.

-99-
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Occluded Hydrogen

Previous work(') has shown that the removal of occluded hydrogen

does not appear to correlate in any way with the softening of chromium

plate on heating. No additional work was done during the present con-

tract period Phich would amplify the previous information.

7

Di~nersed Oxide

The evidence now available indicates that the oxide in hard
r

chromium plate is a result of the conditions causing hardness, rather

than being itself the cause of the hardness. The lack of ductility

in hard chromium plate, or in annealed chromium plate, is ascribed in

s the first case to the oxide films in the plate, and in the latter case

to the spheroidized oxide particles which are lined up in the positions

formerly occupied by the hydrated oxide films from which they are

derived.

STATUS OF tUORK ON PHYSICA
CHMACTEI{ISTL (;6 OF .AOMIUM PL1T.

The information relating to the pheysical proporties of chro-

mium plate produced by presently known methods is believed to be

sufficiently well developed to allow intelligent engineering application

of the plate. Such applications teould relate to low heds and moderate.- .

temnperatures.

W - W W " V W W W
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These factors show why c onventional chromium plate cannot be

expected to give the desired improvement in the tube life for hyper-

velocity firing and fo large bore cannon. It is clear that the- - -

character of the chromium plate must be changed. Subsequent plating

studies were undertaken toward improvements in the ductility of

chromium plate.

STUDY OF CATHODE FIv¶ CONST17UENTS
AN~D THEIR EFFECT ON FulL pH

1k9
A considerable amount of work directed toward the study of

cathode film constituents was reported previously(l). In thmt work

the cathode film material studied was prepared synthctically. In the

present studies, attempts were made to obtain cathode film samples dur-

ing actual plating operations. A hollow and porous nickel iathode was

used and material was drawn from the hollow portion of the cathode .

while the outside was being chromium plated. By this method it was

possible to obtain samples of solution drawn through the plating zone.

The samples contained as much as 20 per cent of the chromium concentra- -.

tion in tne partially reduced state (Cr+3), whereas the bath contained

a small fraction of 1 per cent of the contained chromium as Cr+3 . The

pH of the samples was approximately 0.4 pH unit higher than that of the

bath proper.

p . 11 W9W1 ii-- S. -.



These experiments did not furnish the type of final information

desired, but did provide evidence in confirmation of the cathode film

theory previously advanced(l). The work was discontinued because there

was no better sampling method available. The results of other experiments 0

carried on during the project have indicated that no further work along I
this line was justified during this program.

SURVEY OF THE POSSIBILITIS FOR IMPROVING
THE HOT-HARDNESS OF CHROMIUM PLATE

Hot hardness of chromium plate might be achieved by alloying, or

by a conversion treatment such as nitriding or boronizing. Alloy plating

experiments are described in a later Fection. Boronizing and aitriding

treatments on chromium plate were carried out under supposedly optimum

conditions. In both cases, the results were negative, indicating a dif- "

fusion r-,te too slow for practical operation within allowable temperature

ranges for gun tubes.

Boronizing
. .

The boronizing method consisted of pAssing hydrogen gas contain-

ing boron trichloride vapor over heated, chromium-plated specimens. Boron

was deposited on the chromium surfaces and the specimens were then held

at elevated temperature for short-time diffusion treatments. Details of . -

-12-
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time r-nd temperature for plating and diffusion are given in Table 1.

Further details regarding the plating method are available in the -

lterature(2).

Metallographic examination of the boron plated specimens re-

vealed no evidence of interdiffusion betweet. the boron and chromium.

It was concluded that the diffusion treatments were not sufficiently long

to allow a significant amount of penetzation. No prolonged diffusion

treatments were undertaken because of the deleterious effect a prolonged

high-temperature treatment would have on the gun tube material.

PM Initial nitriding tests were carried out in a muffle furnace,

p... -_. •

chromium plated specimens receiving the treatment at the same time a-

group of steel specimens were being nitrided. The nitriding temperature
was 5.10 0 C.; the time 48 hours$ and the degree of Ammonia dissociation.

was maintained at 30 per cent. These specimens were examined under the

mettallograph and hardness measurements were made with the Tukon tester.

There was no evidence of a nitrided layer, though the steel samples

treated at the same time had satisfactorily hardened surfaces.

i, (2) Parravano, N., and moazzetti, C., Rec. tray, chin. ne821 (1923);

C.A. 17, 3651 (1923).

-13-
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New nitriding experiments were then conducted in a tube furnace,

the temperatures being raised to 9000C. The treatment time was 24 hours.

Ketallographic examination revealed a layer at the surface which was ad- .

Judged to be chromium nitride.

Two layers were found at the interface between chromium plate

and the steel basis. The layer in immediate contact with the steel -a S

appeared to consist of an iron-chromium diffusion alloy as shown by -

previous work. The layer between this and the chromium appeared tc be

chromium nitride.

The chromium nitride phase, Cr 2 N, had .een previously identified

by X-ray tests on chromium plate samples heated in air for prolonged

periods at 110O0 C. Figure 4 presents X-ray diffraction data for those --

tests. The photomicrographs in Appendix II show the structure of the

nitride layers formed. The similarity in appearance and structure of

the layers found in the nitriding experiments and those in the air-heating

experiments left no doubt as to their similarity in composition. There-

fore, no X-ray tests were made on the nitrided samples.

These tests show that the nitriding of chromium plate occurs

only at high temperatures, IO000C. or higher being required to attain

significant rates. Ordinary gun steels cannot tolerate long treatments

at this temperature, However, the nitride coating is hard, and with a -

duclile backing might be of use in applications other than gun tubes.

-14- 1
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It was shown that the nitride layer ends in a shard interface

at the unaffected chromium. This does not allow for a gradual change

from the hardness of the nitride to the hoped-for ductility of under-

lying chromium. Therefore, no further work along these :ines appears

to be justified.

A SEARCH FOR AN IWROVED CHROMIUM PIATING PROCESS

The tests described in the preceding sections and in reports of

earlier work have clearly shown that ductility and hot hardness may

not be expected from conventional chromium plate. The lack of ductility

is ascribed to the oxide films distributed through the plate, and, in

turn, these films are related to the deposition and decomposition of •

chromium hydride during the plating operation. Therefore, means were

sought to obtain a chromium plate which is deposited as body-centered,

cubic chromium metal and not as a chromium hydride. Fused-salt baths -. •.

or nonaqueous organic baths contain no hydrogen ion as such, and, there-

eo of+• •+th- +.vnaQ wa At.l4e ii Ad i th thA hope of develoving an

improved plating process.

The experimental work reported in Appendix III is believed to

cover the most obvious possibilities for improving the chromium plating

process. The alloy plating field was largely avoided because of the -

time limitations of the contract period. The time available was mainly

-15-
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0

devoted to study of pure chromium plating baths with the idea of finish-

ing this work during the existing contract period. The alloy plating

work was set aside for later consideration in case the earlier efforts

were not successful.

All of the efforts to improve the chromium plating process were

unsuccessful. Thick deposits from fused salt baths were invariably

powdery or granular. No way has been devised to obtain buildup of co-

herent ductile chromium metal.

STATUS OF WORK

The new information cited in the preceding sections shows that

as-deposited chromium from the chromic acid beth cannot be expected to " -

have either ductility or hot hardne.;s. Also, extensive studies of alter- ..

nate types of baths have not developed a means of producing a ductile

plate nor have nitriding and boronizing tests indiceted a practical
method for inducing hot hardness in chromium plate5.

These results shor cause for the poor prorm~tno of chromium

plate in extreme conditions of gun tube service but do not offer means

for improving the performance. It is now clear that the desired improved

ductility and hot hardness must be sought in chromium rich alloys. A

number of such alloys show promise, and the high chromium-iron alloys

are particularly interesting. Favorable results have been reported for

-16- i- -l-"2
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I

studies with breech liners of forged chromium-iron alloy. Electrodeposi-

tion of such alloys would allow protection of the entire gun tube. Recen-

work(3ý indicates strong possibilities for successful deposition of high

chromium-iron alloys. Combinations of chromium and the various refractory

metals are other alloys which appear to be worthy of study.

A

,. , -

0. -

- 9

"3) Pilot-Plant Production of Electrolytic Chromium, Lloyd, Rosenbaum,

Homme, and Davis, Jour. Electrochem. Soc. 9 122 (1948).

-17-
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APP&J'DIX I

This section of the report presents Figures 6,7, and 8, which -

show additional data on recrystallization of conventional hard chromium

plate at elevated temperatures.

I S ,
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W -6--.



APPENDIX II

This section of the report presents Figures 9 and 10, which

show the change in "oxide inclusion" when conventional hard chromium

plate is heated.

W W W W W W W W W



This section of the report contains the essential data and

results of plating experiments to explore the possibilities for an

improved chromium plating process.

7
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Electrolysis of fused salt baths and organic chemical baths was

carried out in vertical muffle electrically heated furnaces. Temperatures

were controlled by recorder controllers in some cases and by manual ad-

justment of variable transformers in other cases. Temperatures of low-

temperature baths were read on thermometers immersed in the baths. The

temperatures of high-temperature baths were read from recorder-controller

charts. Lost of the baths were contained in glass beakers except for a

few cases where refractory crucibles were required.

Aquecus baths were electrolyzed in glass beakers with electrical

immersion heaters controlled by thermoregulators.

In some experiments, alternating current was superimposed on

the direct plating current. The circuit used for this purpose is illus-

trated in Figure 5. In other experiments, a high-frequency magnetostric-

tive vibrator was used to mechanically vibrate cathodes. The frequency

Pas 9000 cycles per second, and the amplitude was about (J.UOlI nch. ior

low-frequency vibration, a Tra~ynor magnetic vibrator was used. This type

of equipment is used commercially as a feeding device for granular

materials.

For most of the following work, sheet metal cathodes one inch

square were used. When cathodes were spun or vibrated, vdire or rod

material was used.

-21-



Expierimental Procedures S

Table 2 outlines the experimental data obtained. The following

notes, titled according to bath type, extend the information available

in the table.

A. Fused Salt Baths.

1. Chloride Baths. Of the ten bath compositions tried in this

classification, a coherent deposit was obtained from only one (Bath No. 8

in Table 2). The other baths yielded powders or no deposit at all. The

plates from Bath No. 8, while coherent, were so poor in physical properties

that no further work with the bath was considered. It is likely that the

deposits contained much aluminum.

2. Cyanide Baths. The three baths investigated under this classi-

fication (Baths No. 11, 12, and 13) gave either no deposit or only a trace - -

of chromium powder. At high current densities, metallic sodium was liber-

ated and rose to the bath surface.

3. Thiocyenate Bath. The only bath tried in this category

(No. 14) yielded only a light powder deposit on the cathode in 30 minutes

of electrolysis. The bath was tried because its operating temperature is

low compared to the cyanide baths.

-22- -
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4. Fused Baths of Mixed Salts. In this classification are .

chlor'A3--type bathe used in an attempt to plate chromium-tungsten alloy)

and a mixed cyanide-chloride bath for deposition of chromium alone.

None of these baths yielded a promising deposit. Powder deposits were

produced in a~ll cases, sometimes underlaid with a coherent flash of

chromium.

B. Oreanic Typoe Baths.

1. Urea Baths. Baths formulat3d with urea, ammonium chloride,

and chromic chloride were reported to have produced chromium plates in0

an English laboratory. The baths are fused and operated :ýt temperatures

from 300 to 4000F.

In the present work, flash plates with a metallic appearance

were obtained from these electrolytes. Prolonged electrolysis did not

significantly increase the thickness of the plates, which were very thin

in most caoes, and, when thickness was obtained, an organic compound

appeared to be deposited with, or instead of, the meta~l. A zarnauba wax

layer was placed on the riurftce of Da-th 111o. 2111 iln 41tho hope of' exc~uL,_.ig

air. However, the deposits were not oenefited.

An alloy plating attempt was made (Bath No. 28) by a'11ing ferrous

bromide to the urea type bath. Again an organic comnound was deposited,

but this time some free iron w-s founa in the aepcsit. In a few experi-

ment3, some chromium was ai!ýo found in the deposits, but in all ccses the

-23-
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amount of chromium was under one per cent. One experiment yielded a

deposit which was 91.5 per cent iron.

2. Formamide Baths. The use of formamide type baths to obtain

chromium plates is reported in the literature(4). The baths are satur-

ated with H01 by bubbling anhydrous HCI through them before the electro-

lysis is begun.

In the present work, the HC1 gas was bubbled through the baths

"for 2 hours before electrolysis and the gas flow was continued during

electrolysis. As indicated in Table 2 (Bath No. 29), no satisfactory

chromium deposits were obtained. Attempts to build up the plate always

resulted in a powdery deposit of metal.

3. Quaternary Ammonium Compound Baths. Of the t-wo quaternary

compounds tried in experimental chromium plating baths, one produced

strictly flash plates (Baths No. 30 to 33) and the other, black non-

conducting cathode films or no plate of any kind (Bath No. 34). The

two compounds were, respectively, tetraethanol ammonium hydroxide and

ethyl pyiidini'iwi bromide.

An effort was made to formulate a bath of chromic chloride-ethyl

pyridinium bromide in the same molar concentrations as those used by a

(4) Blue and Lathers, Trans. Electrochem Soc. 6, 231 (1933).

-2-4-
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previous investigator(5) to deposit aluminum from a bath of aluminum

chloride-ethyl pyridinium bromide. Unlike the aluminum bath, this one

at two moles of chromic chloride per mole of ethyl pyridinium bromide

was found to be solid up to decomposition temperatures. When lower 9

concentrations of chromic chloride were used in order to obtain a melt,

the bath showed poor conductivity and gave black deposits.

SFlash plates were obtained when a bath containing 10 grams of

anhydrous chromic chloride in 100 grams of tetraethanol ammonium hydroxide

was electrolyzed.

4. Grignard Reagent Baths. For the preparation of the one bath

in this classification, an excess of magnesium was reacted with bromo

benzene An anhydrous ether. The product in ether solution was removed

from the magnesium and reacted with the approximate stoichiometric weight

of chromic chloride for the reactiont

5 Mg Br4CrC 3  - 5 Cr Br 2 Mg C2 +3 Cr Cl 3 +2 Mg Br2

The resulting mixture had high electrical resistivity and tended to solid-

ify. No plate resulted when electrolysis was attempted. .

Though the result was unfavorable in this experiment, experi-

mentation on Grignard reagents for chromium and chromium alloy plating

should be investigated further.

(5) Weir, The Electrodeposition of Metals in Fused euaternary Ammonium

"Salts, Master's Thesis, Ric3 Institute (1942).

-25-
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5. Other Organic Baths. A flash plate was obtained from a melt

of tris (hydroxymethyl) aminomethane with anhydrous chromic chloride.

From baths with anhydrous chromic chloride and thiourea dark, nonconducting

cathode films resulted. . '-'•

C, Aqueous Baths.

1. Chromic Acid Baths. Experiments with conventional chromic

acid baths were conducted to test tuo variations from standard plating

conditions; extreme vibration, and reduced pressure. The rod cathodes

were vibrated at 9000 cycles per second with a magnetostrictive type

high-frequency apparatuLs, and at 60 cycles per second with a magnetic -

vibrator. 7he depositu appeared to be affected by the high-frequency

vibration, in that oxide films were shorter than normal in the micro-

structure. However, the deposits tended to spall from the basis metal,

so the work was discontinued. The 60-cycle vibraticn had little or no .

effect on the structure of the plates.

Plating at reduced pressure was suggested by a recently reported

research(6, which reported that the efficiency of cyanide copper plating
0

was greatly improved by reduced pressure on the bath surface. One exper-

iment with a standard chromic acid bath at a temperature of 850 F. and a

(6) The Effect of Pressure on Current Efficiency of Copper Eleotrodeposi- S

tion from Cyanide Solutions, paper to be presented before October,

1948, meeting of Electrochemical Society and subsequently published

by that Society.
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pressure of approximately 10 mm. of Hg gave a cathode efficiency of approx-

imately 22 per cent. Attempts to plate at more elevated temperatures re-

quired apparatus changes which were not yet successfully completed at the

close of the contract period. It is not possible tc say that the prelim- -

inary indications of increased efficiency are correct until more data are

available.

2. Fluoborate Baths. An alloy of chromium-iron was deposited

from a fluoborate bath (Baths No. 48 to 54) which was made up with one

volume each of chromic fluoborate and ferrous fluoborate concentrates

(assay approximately 45 per cent metal fluoborate) along with two volumes

of water. The most favorable operating cathode current density was 288

amperes per square foot. The temperature of the LaU•t varied from 85 to

1201F. The deposit was improved by the addition of 0.20 cc. quinoline

to 100 cc. of bath, a plate of lighter color being produced.

When the plate was examined by X-ray diffraction methods, a

diffuse iron pattern was obtained. Chemical analysia showed that the

plate contained 3 to 5 per cent chromium. Aside from the chromium con-

tent being less than desired, the plate was spongy and could easily be

scraped from the cAthode. The replacement of quinoline with glue (Baths

No. 55 and 56) yielded a solid, homogeneous plate which was very brittle.

3. Other Aqueous Baths. None of the three baths listed showed .

any promise.

HFR: WCS:C AS: CLF/j d, "E-B
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InDL OAS FIa%= AND TaLE U N S
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FIGURE 1. CROSS-SECTIONAL VIE-i OF HARD CHROMIUM PLATE IN THE "S- HA

FIGIRE 2. CROSS-SECTIONAL VIEW OF HARD CHROMIM PLATE AFTER 22-HOUR .
TREATMENT AT 300 0C.

FIGURE 3. CROSS-SECTIONAL VIEW OF HARD CHROMIUM PLATE AFTER 12-HOUR..
TREATMET AT 5000 C.

TABLE 1. DATA FOR BORON PLATING TESTS.

FIGURE 4. GRAPHICAL REPRESENTATION OF X-RAY DIFFRACTION DATA.i0l

FIGURE 5. CIRCUIT FOR SUEIMPOSING 60-CYCLE A.C. ON D.C.

FIGURE 6. CROSS-SECTIONAL VIETW OF HARD CHROMIUM PLATE AFTER 12-HOUR
TREATMENT HAS COMPLETELY RECRYSTALt THE PLATE.

FIGURE 7. CROSS-SECTIONAL VIEW OF HARD CHROMIUM PLATE AFTER 12-HOUR
TREATMET AT 9000°C.

FIGURE 8. HARD CHROMIUM ANNEALED AT 11000 C. FOR 12 fOURS.

FIGURE 9. CROSS-SECTIONAL VIED OF HARD CHROMIUM PLATE ANNEALED AT
11000 C. FOR 60 HOURS..--

FIGURE 10. SAME PLATE SHOWN IN FIGURE 9. VIEW SHOWN IS AT BOUNDARY -

BETWM~ RECRYSTAI4JZED CHROIMIM PLATE (LOWER LEFT) AND

TABLE 2. SUMMARY OF PLATING EXPERItETS.
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880
826
876
826

2039
955i

HU0 etch 54.493
300X

Figure 1. Cross-sectional view of hard chromium plate in
the "as-plated" condition. Vertical lines are
inclusion-filled cracks. Horizontal lines
are unexplaired striationa within the plate.
Figures at right-hand margin are Knoop
hardness numbers for the locations shown.

IfI



788

826

HUl etch 54495
300X

Figure 2. Cross-sectional view of hard chromium plate
after 22-hour treatment at 3000C, Striations
are still visible though the etch did not
bring them out so strongly as Jn the "as-plated"
sample of Figure 1. No evidence of re-
crystallized grains is visible. Figures at
right-hand margin are Krxoop hardness numbers9
for the locations shown.
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407

492

534
535

389
407

0

505

.469

430

HC1 etch 54496 . . -

3COX

Figure 3. Cross-sectional view of hard chromium plate
after 12-hour treatment at 5000C. h~e-
crystallized grains are plainly visible as
the white elongated areas set in the darker
background. Note that the striations are
still faintly visible and that some of the
recrystallized grains reach through several
layers of striations. Figures at right-hand
margin are Knoop hardness numbers for the
locations shown. .

W 
-. 
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TABLE 1. DATA FOR BORON PLATING TESTS

Plating Diffusion S
Plating T, Time Diffusion T, Time

Sample No. CC. (Min.) CC. (Mmiz.)

3561-4A 800 5 800 20

S

3561-4B 1000 5 1000 5

3561-4C 1200 5-

Notes Boron deposited by bubbling H2 through BCU3 at -220C.,
then directing it over the heated specimen to be
plated.
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2144

244

I ~208

HCi etch 54497
300X ~

Figure 6. Cross-sectional viev~ of hard chromium plate
after 12-hour treatment at 7000C. The heat
treatment has completely recryntallized the

v plate. Figures in right-ha~nd margin are
Knoop hardness numbers for locations shovin.
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'. S1

~ 263

x.-

4...

HC1 etch 544198
30OX

after 12-hour treat~ient at 5-O00C. Little
or no change from the structure of Figure 6
(7001C. annealing) has occurred. Note that
an alloy layer has formed betwieen the steel.
basis metal and the chromium plate. Figures
in right-hand margin are Knoop hardness
numbers for the locations shown.9
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~ - Racrystallized

-- Cr alloy

_________________________________ Stee. bsis --

HC1 A'ch 54499

Figizo S. Hardl chromiur anneuled (At. 11CO0C, for 1-2
houX'6. C,'rabns havo now U-?LC.-e nlearly
Pvii-axed. intl1usi~iro are clearly ahown

"o 6e L- or~iine poDSi'-'tioS with nio evidJence
of' migration into. grain tloun~larfLeL. Notr(
the o rd penetrution r-long the large
vertical rakin the~ plate.
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1209
11715

* 171

~*17 j~.j).~176

V7 * 970
1224
1260

As polished 54502
7 5X

Figure 9. Cross-sectional viewr of hard chromiuin plate

separate layers shown fare, from the bottom0
up; steel basis m~etal, iron~-chromiumn diffusion
layer. chromiumr nitride layer, recrystallized
ch~romium plate, an~d chromiw. nitride. The
chromiu. nitride layer surrvxr~s the re-

Vcrystallized chromitair plate on. alJl sides.
Figures in right- hand mrarvin are Knoop
hardnes3 n~mnbers fLc:r sucocessive layers.
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* 4. .. * %-*.

-77 -'I

'I ~ t%- .>',---a-1

.* ° - .

I~?~t .'..

As polished 54503
2 50X

Figure 10. Same plate shown in Figure 9. View shorn
is at boundary betv-,een recrystallized
chromium plate (lower left) and chromium
nitride (upper right). Note that major
portion of oxide particies are globules
strung out in lines, indicating that they
are probably dehydrated inclusion films.
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RFPROOU.fD AT GOVERNMENT F XPENSE

[

TABLE 2. SUIItARY OF PLATING EXPERIMENTS

Bath
;a th Am t. Am t. Am t. Temp.

No. Material (Gas.) _ Itertal (Gm&.) Cr Source (Goa.) ("F.)

FUSED SALT BATHS

Chloride Baths

KCi 137 LiCi 113 CrCI 3  3 900

950

2. r( c f )+ - 900
CrCI 3

3. KCI 137 LICI 113 CrCl 3  2.5 1000

800

4. 47 " 65 CrCl 2  15 900
850
800

5. NACI 200 LICI 200 CrC) 3  10 1110

6. M.0m 280 R&CI 88 Cr 2 0 3  228 1000

7. AIdC3  234 NaCl+ 31 CrCI 3  3 320

KC) 28 j

280
200

250

6. 230 NaCl 85 0 IS a30

600
1430
'00

. I



Anode Deposit

Meater ial Amount Type Lemarks

uraphite Some Mostly poider 3 Volta AC superimposed
* " Dense Powder 0 *

I Powder "

Heavy pS InnIng rod cathode

Some U 0 0

0 Heavy Powder Slowly turning rod cathode

"� Some "

Smal I Powder

•0 "Coarse Powder

"- Coherent Powder Spinning rod cathode

a ard Carbon None Tt-:-.,rature too low

I tto ---

hone Bath mushy

0 Cathode corroded; 3 volts AC speerimposed

on DC

3 Volts AC superimposed on DC

* 0 Some Powder r * * 0 b U

ar d Carbon " Coherent Plate

Di tDto .001 inch h

F I Flash Flash h

Some Coherent Plat*
"F Flash Flash 3 Volts AC superimposed on OC

V..

h. . . • . . .

b , . :• € • , . ,.• ' ,' . .. ' .. ,, : .; - . '. ' " . . -. . . . - . . . - .. - . .. - . .. . . . . , . . . . :
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RFUPRODUCED AT GOVERNMENT EIXPENSE

-e Anode Deposit It

Hater i &l Amount Type lemarks

Uraphite Some Mostly oowder 3 Volta AC auperlipoel,
Dense powder .

* 5 Powder F 4

Heavy Spinning rod cathode

Some S a 5

* Heavy Powder Slowly turning rod cathode

Some S a a

* Smal I Powder
U" ,jarse Powder

* Coherent Powder Spinning rod cathode

Hard Carbon None Temperature too low

Di tto

None Bath mushy

Cathode corroded; 1 volto AC ouperimposa
on DC

" -- a Volts AC svuerimposed on PC
a Some Powder . * a a * *

Hard Carbon a Coherent Plate

Ditto .001 inch c

Fa a shFIa a
* Flash Fleah

a Some Coherent Piate

Flash Flsoh 3 Volto AC ouperImposod on DC

Ii.



RFPROlI)JCIF) AT GOVEFINMENT EXPENSE

TABLE 2 . ICONCINI4UED)

Bath ___ __

is th Atv t. A.f t. Aa t. Tamp%
ýo, Material (Gms.) Materal (Ga6S.) Cr Source (Gas.) (F.

FUSED SALT BATHS (CONTIMUED)
Chloride Baths (Continued)

9 AICI 3  22O NCCI 120 CrCI 10 600-

I). AII 3  260 Ma C 120 CrCI 3  10 500.•

Cyanide Baths

iHi. MaC 172 KCM 98 Cr 2 03  32.2 9 bo0-,

12. - " 100 1 12 1100%-

N3. MaCMl 150 KCN 130 CrCI 3  10 1000.:

Thiocyanate Baths

. K CN S 100 KOH 100 CrZO3  100 $so-

Wised Salt Baths r

5. AICI 3  280 Maci 1201 C r C I b 000

3• 3
280 Ma2'040-2h 2 O 100 CC 3 6 0

16. MaCI 120 CrCI 3  25
Ma2 WO -2H2 0 40 1J

r7a



Ser Am. / Time Cathode Anode Deoos i-
.)• (°~F. ) p Ft, 2  (Iin.) I o1 tinge metal miateri &I Amount

IF- -"-t n V l a

13 •00 U 4.3 30 1.7 Copper hard Caroon None

" 6. 1 I. i t to F I oth

* • . 4s * 2 . 1 1•-

450 4.6 120 2.2 "

* 2.9 2.2

10 500 4 120 Ib. Copoer Chromium lie Avy

* 7 30 1 • Some ."

I-I

32.2 5t0 186 120 3 ron NrAphite None

- 2 1100 P P"

P 720 Nickel 6 1

" 10 1000 6'4 60 1.7 Copper Chromium Some

100 5.0 186 30 3 Nickel Graphite Smell

-"0 36 30 - Copper Tungsteo ,one

2 t 21 720 2.1 0 eav y

;.o,

l.:36 60 2. 3 0 ,

_ _ - - - ----- - . -- -
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RFPRODUCE:D AT GOVERNMENT EXPENSE

A r,4 DeposI t
?'.ate r I Al AMount Type Remarke

,arH Caroon oo. " CrC13 aettled out
n ttc Flash Flash

"Some powoer deposited

Chro'iui Heavy Powder Some Insoluble CrCIC, Cathode

Vibrated at 60 cycles Per second
* S o,-,e • a a S

,ýraphite None Iron cathode corroded in bath

Some sodium was liberated
... Cathode corroded away

chc, r t'. Some Powder Vigorous reaction on miuing

3 Volts AC superimposed

:•raDh te Small Powder Cathode corroded away at bath surface in
a longer run

Tungsten Some Powder Cathode vibrated at 60 cycles

per second

Heavy Powder a a a 6

Slight Flesh 3 Volts AC superImposed

. . . . a. a a
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