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PART ONE

CHARACTERIZATION OF "WHITE LAYER" AND CHROME PLATING

ON FIRED CANNON AND ON LABORATORY SIMULATION SAMPLES

SUMMARY

Introduction

The nature of the surface alterations that occur on the

bore surface of cannon tubes during firing has been the subject1

of considerable research for many years at Watervliet Arsenal
2

and elsewhere. The successful development of equipment to form

"white layer" (etch-resistant composite of cementite and high-

carbon austenite) in the laboratory by pulse heating in high-

pressure methane has facilitated systematic investigation.
3

Previous studies at this Laboratory of both fired cannon and

laboratory simulation samples revealed that the high temperature

and high-pressure gas generated during firing can cause intense

carburization of the steel surface. Various experimental tech-

niques, including high-voltage and scanning electron microscopy,

Mossbauer, Auger, and secondary-ion mass spectroscopy were used

to characterize the affected surfaces. These experimental tech-

niques are illustrated schematically in Figure la, and the

results of the previous study are illustrated in Figure lb.

As shown in Figure 1, crystals of Fe C and solidified
3

iron carbon eutectic form on the outer surface. High carbon

austenite occurs to a depth of 10-20 um, along with some

martensite transformation. The boundary between the austenite

and the steel matrix, sometimes called "altered ferrite," was

found to consist of intermediate carbon martensite characteristic

of a very fine grain austenite parent phase. This region repre-

sents the maximum penetration of the heat-affected zone where

ferrite to austenite to martenste cycling occurs during heating

1 . •



and cooling.

The purpose of this present investigation was to extend

the study by examining additional specimens and refining the ana-

lytical procedures. All the various experimental observations

are recorded in this report. The results of some phases of the

work are suitable for publication in the metallurgical

literature, and drafts of several papers describing and interpret-

ing the present and previous studies will be prepared in due

eour se.

Experimental Methods

Representative samples of 4340 steel, cut from actual

fired cannons, as well as materials used in laboratory simulation

studies, were provided by Dr. M. Kamdar of Watervliet Arsenal.

Their specific identification and description are listed below.

"White Layer" Samples

Code Description

T-45 Fired-Cannon Tube - 4340 Steel

N-11 Pulse-Heated in Methane - 3000 psi

Characterization of the surface structure utilized most

of the techniques in the first phase of this study. As before,

Mossbauer analysis (Table I) of the surfaces of the samples was
carried out before they were cut or otherwise prepared for metal-
lographic examination. However, Auger analysis and secondary ion

mass spectroscopy studies were not conducted. Instead, consider-

able emphasis was put on examining the deeply penetrating cracks

that result during firing because of the significance of previous-

ly unnoted features. Ion thinning was used successfully to

prepare a thin foil at the carbide-austenite interface on a labors-

2

. .. I -i • I I - . . I I i I I I I l



tory simulation sample.

Results and Discussion

Scanning electron micrographs of the bore surface of

fired cannon T-45 are shown in Figure 2, along with the X-ray

spectra of one of the hillocks. The characteristic craze pattern

of the hillocks was observed previously; however, the presence

of a large quantity of titanium in the X-ray signal was a surprise.

This observation led to more detailed investigation of the

titanium-covered surface. Other examples of scanning electron

micrographs of the bore surface after ultrasonic cleaning and

light mechanical polishing to remove the debris are shown in

Figure 3. Note that both an overall scan such as shown in 3a

and point analysis on a single hillock in 3b show a very high level

of titanium. The iron intensity comes from regions where the

steel is not covered by the Ti coating.

A sample that was more heavily ground and polished is

shown in Figure 4. The depth of grind increases from the lower

right corner to the upper left in the top micrograph. The X-ray

analysis shows a very low level of titanium but a substantial

quantity of aluminum and copper. In this area, the sample was

ground to below the white layer so that the bare metal surface

was exposed.

Scanning electron micrographs, taken at a point in the

sample where the depth of grind was even greater, are illustrated

in Figure 5. Both regions show a very high level of aluminum

and copper, and region (d) reveals the presence of a considerable

amount of sulfur as well. The next series of micrographs shown

in Figure 6 are even further along the taper section where the

depth of grind is considerable; even here, perhaps 200 microns

below the surface, the aluminum and copper levels are surprisingly

high in the crack. These elements were found right up to the

tip of the crack, as illustrated in the micrographs and X-ray

)3



spectra shown in Figure 7. In some regions there is a very high

sulfur level, as for example point (d), and even at (e) where

the crack is extremely narrow (very near to the tip) the occur-

rence of copper, aluminum, and sulfur is clearly evident. The

importance of these elements and their possible origin will be

discussed in the following section of this report.

0

Scanning electron micrographs of a 16 taper cross sec-

tion qf a nickel-plated sample of cannon tube T-45 are shown in

Figure A. Again, it may be noted that aluminum, titanium and

copper are present in the cracks, along with some nickel that ap-

parently penetrated during the plating process. Note the dual

crack structure comprising a series of very shallow closely spaced

cracks shown in the left of micrograph 8b, and a network of cracks

with much larger spacing in the central area. Optical and scan-

ning electron micrographs of the etched 16 taper cross section

of cannon tube (T-45) are shown in Figure 9. These micrographs

illustrate the essential features that result from white-layer

formation. Starting at the top (in the steel matrix) and proceed-

ing toward the surface, the first region is the "altered ferrite"

region, which is the heat-affected zone where the steel is cycled

through the austenite-martensite transformation. Because of the

high alloy content, this steel has considerable hardenability

and the slow cooling rate due to the self-quenching in the steel

tube is still sufficient for some martensite to form. The lighter

etched area is altered austenite, which contains a large amount

of substructure. Finally, the lower optical micrograph in Figure

9b shows an outer thin white rim over the surface.

The constituents in the microstructure are somewhat more

evident in the scanning electron micrograph in Figure 9. Again

proceeding from top to bottom, the first area corresponds to the

altered austenite structure, then a narrow rim of white etch-

resistant austenite. The next layer is a titanium phase which we

will discuss later and, finally, the very bottom of the micrograph

shows the smooth outer rim of nickel plating that was applied to

4



protect the surface during polishing.

Optical and scanning micrographs at higher magnification

in Figure 10 show the white etch-resistant rim of high carbon

austenite. The x-ray spectra of the regions marked show the

penetration of the nickel plating, the occurrence of titanium,

sulfur, copper, aluminum, and some other elements at lower

concentrations in both areas. Optical and electron scanning mi-

crographs of another point on the surface of the polished and

etched 160 taper cross section of tube T-45 are shown in Figure

11. Of particular interest here is the white etch-resistant

material well in below the surface, that is, in the altered

ferrite region. As shown in the X-ray spectra, this region is

generally very high in copper, with some nickel penetration during

plating evident along with a fairly large amount of sulfur in

some regions. The composition varied along these crack penetra-

tion zones; a number of them were analyzed and the results shown

here are quite typical.

0

Very low angle (3) taper cross sections of nickel-plated

samples were also prepared, as illustrated in Figure 12. The

optical micrograph (b) in Figure 12 shows the titanium-rich layer

on the surface of some hillocks, the white austenite rim magnified

in width because of the taper section, and the etched altered

ferrite area. Microhardness testing at Watervliet provided the

data illustrated in Figure 12d, which demonstrates that the

hardness of the etch-resistant austenite rim is relatively low

compared with the very high values for the altered austenite and

altered ferrite regions.

Attempts to use Auger spectroscopy to determine the

carbon content of the austenite were not totally successful.

Small- area Auger scans in the ferrite and in the austenite

regions are shown in Figure 13. Comparison of the carbon peaks

suggests that the carbon level in the austenite is about three

t' as higher than that in the ferrite; that is, about 1.2 wt %.

5



This value is in keeping with the results of analysis by other

techniques as reported in the first report.

Attempts to obtain a quantitative profile by Auger analy-

sis were not successful. The individual points are shown as

marked with a white spot next to the dark reference mark in Figure

14a. The values scattered somewhat, probably due to surface

roughness, so that a carbon profile could not be determined.

The lower half of the figure shows two scanning Auger micrographs

taken of the same area as Figure 14a, using oxygen and titanium,

indicating that the titanium region on the surface is actually

titanium oxide. The little white square patch in the oxygen image

is the result of electron-induced oxidation from residual gases

in the Auger microprobe. The penetration of titanium well up into

the cracks is quite evident in these scanning images.

Cracks in the fired cannon tube were examined in both

the longitudinal and transverse cross sections. The transverse

cross sections are useful for illustrating the extreme depth of

penetration of some of the cracks, as illustrated in Figure 15.

These depths are well beyond the point where copper was observed.

Specific measurements of the maximum depth of copper penetration

were not obtained.

Results of this more recent study are illustrated

schematically in Figure 16. It may be noted that the outer surface

consists of a fairly thin region of TiO covering the hillocks
2

and penetrating well into the cracks. The presence of copper,
aluminum, and sulfur within the cracks is also shown in the

figure. This may result from the use of copper on the rotating

bands, as copper was found on the surface of test plugs used and
1

described in the report by Griffen et al. The origin of the

sulfur is not clear at this point, nor is the source of the

aluminum. Since alumina was used for polishing, it is possible

that some of the aluminum observed was the result of small parti-

cles of polishing abrasive that had been trapped in the various

6



cracks. Certainly the aluminum content did vary from point to

point. On the other hand, careful inspection of several cracks

indicated that the aluminum was quite uniformly distributed in

local regions.

Laboratory Simulation Samples

The results from the previous study of surface altera-

tions during laboratory simulation testing are shown schematical-

ly in Figure 17. The various metallographic techniques reveal that

a surface film of iron-carbon eutectic overlayed a high-carbon

austenite region, some plate martensite, and an altered

Optical and scanning electron micrographs of a low-angle

taper section of the surface of laboratory simulation sample N-11

are shown in Figures 18 and 19. The characteristic eutectic

structure seen earlier is very evident, and it may be noted that

the tips of some of the carbides project into the metal (since

this is a low-angle taper section, the lower half of the micro-

graphs show the subsurface). A puzzling feature of the micrograph

in Figure 18 is that etching causes some regions of the eutectic

to appear white in the optical micrograph, and appear dark in

the scanning electron micrograph. At the moment we have no ex-

planation for the origin of these contrasting effects.

The scanning electron micrograph of the carbide-

austenite interface in Figure 20a also shows a f ew of the pools

of austenite with evidence of martensite transformation. These

pools were much more numerous in other simulation samples. Thin

foils of the carbide-austenite interface were prepared successful-

ly by grinding and ion thinning, as shown in Figure 20b. The iron-

carbide eutectic appears in the upper half of the micrograph and

the underlying austenite area in the lower half. Other transmis-

sion electron micrographs of the carbide-austenite interface are

shown in Figure 21. Because of bending, the diffraction contrast

from both the carbide and austenite regions in the thin foil

varies considerably. The occurence of annealing twins and dis-

.. 7
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locations is illustrated in Figure 21c. The austenite also ex-

hibits several as yet uninterpreted microstructural features.

The micrograph in Figure 21b shows a group of lenticular areas

containing fine striations which are reminiscent of but not identi-

cal to martensite plates. Other austenite areas, shown in the

lower halves of Figures 21a and 22a, also exhibit very fine

striationb. In both cases these structures may result from

precipitation of fine carbides on faults resulting from plastic

deformation during rapid cooling. High resolution electron mi-

croscopy will be required to identify the specific nature of this

structure, which is presumably responsible for the high hardness.

The martensitic structure in the altered ferrite region is illus-

trated in Figure 22b.

In summary, the microstructure of white layer in the new

laboratory simulation samples is very similar to that seen

previously, and is illustrated schematically in Figure 17.

Conclusions

The new finding in this study is that cannon tubes that

were fired using an explosive which contained titanium powder

are coated with TiO ; this material penetrates part way into the
2

cracks. However, the more important feature of the cracks is the

presence of a rather high concentration of copper, sulfur, and

aluminum. The copper would cause an unusual form of hot-shortness

and cracking of the steel base as a result of the high mechanical

and thermal stresses generated during firing.

The origin of the periodic craze structure is still not

clear. The heat pulse would result in about a 1 to 2 percent

thermal expansion and contraction at the surface. High-

temperature deformation during the heating cycle could accommo-

date the compressive stresses during expansion; however, as cool-

ing occurred, deformation might be more restricted. Thus, high

tensile stresses developed in the outer layers could lead to crack

8
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penetration, as observed by metallographic techniques. The

coarse spacing and deep penetrating cracks are rotated perhaps

15 degrees to the tube axis - about the same angle as the rifling.

This may result from coupling of a torsion stress through the

rifling as the projectile is accelerated, giving the barrel a

slight twist causing the crack pattern that is observed.

References

1. R. B. Griffin, J. Pepe and C. Morris, "Metallurgical Examina-

tion of Bore Surface Damage in a 5-inch Gun," Metallography

8, 1975, pp. 453-71.

2. J. D. Venables, "Characterization of Bore Surfaces on Large

Gun Barrels," Martin-Marietta Report to Watervliet Arsenal

MML-TR-76-55C, July 1976.

3. M. K. Kamdar, A. Campbell and T. Brassard, "A Metallographic

Study of White Layer in Gun Steel," ARRADCOM Report ARLCB-

TR-78012, August 1978.

4. R. M. Fisher and A. Szirmae, "Characterization of 'White

Layer' Formation on a Fired Cannon and on Laboratory Simula-

tion Samples," U. S. Steel Research Report to Watervliet

Arsenal, Contract DAAA22-81-CO121, March 1981.

. j1

: + 9



TABLE I

A SUMMARY OF MOSSBAUER ANALYSIS

Sample Composition

Tube 6826 14% austenite

35% ferrite

28% cementite

22% unknown (rust?-carbide?)

Tube 45 33% austenite (5.8 atomic %C)

60% ferrite

7% cementite

Laboratory Simulation 38% austenite (3.7 atomic %C)

55% ferrite

7% cementite

outer 2-3 pm.

I
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METALLOGRAPHY-SEM-AUGER

BORE SURFACE

MOSSBAUER IANALYTICAL
SEM .. TECHNIQUES

AUGER
Sims

fCARBIDE FILM

TEM-4, AUSTENITE

IiALTERED" FERRITE

a

^-0.jum-- ^l 5 ym - -* -,~3 pm

FIRED CANNON

F03C MARTENSITE ATRDFERRITE
CRYSTALS

Fe3C J1 C~4340 STEEL BASE

-1 AUSTENITE

b

Fig. 1.. Schematic illustration of analytical techniques
utilized to characterize the bore surfaces of
fired cannons (a),* and sunmmary of results of
previous investigation ()
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(a) 20X (b) 50X

Cc) 200x (d)

Scanning electron micrographs of as-received bore surface
of cannon tube (T-45) illustrating characteristic craze
pattern (a,b,c,), and X-ray spectra (d) from the central
area in (c).

Figure 2



(a) 60X (b)

(c) 120X (d)

Scanning electron micrographs of bore surface after light
polishing and cleaning. X-ray spectra in (b) from area
shown in (a) and in (d) from single point as marked.

Figure 3



20X

*11

120X

Bore surface after grinding and polishing to remove outer
layer; depth of polishing increases from lower right to
upper left.

Figure 4
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(a) 30X

(c)

(b) 600X (d)

S.:!aniiy electron micrographs and X-ray spectra of material
in cracks near to the surface.

Figure 5



[1]

60X

60OX

Scanning micrographs and X-ray spectra of material in
cracks about 200 um below the surface.

Figure 6



(b)

( ) 60X

(d)

(c) 300X

Scanning micrographs and X-ray spectra of material near
to the tips of cracks.

Figure 7::AL



(a) 30X

(d)

(b) sox (e)

Scanning micrographs of a 160 taper section of a Ni-plated
sample of cannon tube (T-45). Al and Cu are detected well
into the crack along with evidence of penetration of Ni
during plating.

Figure 8



(a) lOOX

(b) 200X (c) 30ox

Optical and scanning micrographs of etched 160 taper
cross section of cannon tube (T-45).

Figure 9



(a) 500X

(c)

(b) 500X
(d)

Optical and scanning micrographs of etched 160 taper
cross section of cannon tube (T-45).

Figure 10



(a) 500X (b) 200X

(c)1200X (e)

Optical and scanning micrographs of etched 160 taper

cross section of cannon tube (T-45).

Figure 11



(a) 50X (b) 15 OX

(c) 50OX (d) l0Ox

optical and scanning electron micrograpt- )f 30 Ni-plated
cross section of T-45. White areas are ...cke1 plating.
Areas marked in (c) were analyzed for carbon by 7 uger
spectroscopy. Figure 12



7 ES SURVEY SVz .472, -.116 DATs 6.76 64'14/81 019127

Fe

hiT-45 16 DEGREES
SUR56 REMOVED

P6 .21N X 0.2MMAREA

in 260 316 4H6 SU6 666 7w WN 9" to

KINETIC ENERGY, EV

ES SURVEY SFz 15.?24, -4.110 DATz 5.64 PT@ a I 64/15/61 NIP129

T-45 16 DEGREES:
SUR, PElOWD

6 ......4AU114w'1TE REGION' .. Oye
6.SIMN X 0.61KM FeE

4.. .......... ..... .... ... ... ......a o

IP

IN ..... ......... ........N................IN S .
KINETIC.. 

ENERGY... 
...... 

........ 
..... 

..... 
...

2 Fig .. ... .. ..... .. Auger .spect.....a of...... steel matrix (top)............ and...... su..-
surac aus.nit (bo..tom...see.figure* 14).

I .. ... ... .. ... .. .. ... .... ... ... .. ... .



(a) 40OX

(b) 400X (c) 400X

Scanning electron micrograph of areas of taper section

of tube (T-45) analyzed by Auger spectroscopy (top), and

oxygen and titanium scanning Auger images of surface
material.

Figure 14



(a) 200X (b) 1000X

optical micrographs of typical cracks as seen in end
view cross section of tube (T-45).

Figure 15
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(a) 200X (b) 300X

(C) l200X (d) 1200X

Optical (top left) and scanning electron micrographs
of taper section of laboratory sample.

Figure 18



AL.

(a) 500X Wb 2000X

(C) 3000X Wd 3000X

optical (top left) and scanning electron microqraphs
of taper section of laboratory simulation sample.

Figure 19



(a) 3000X

(b) 30,OOOX

Scanning electron micrograph and transmission electron
micrograph of thin foil at carbide-austenite interface
in laboratory simulation sample.

Figure 20



(a) 42,0OOx

(b) 30,OOOX (c) 30,OOOX

Transmission electron micrographs of carbide-austenite

Figure 21

interface.
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(a) 30,OOOX

(b) 30,OOOx

Transmission electron micrograph of austenite region (top)

and steel matrix (bottom).

Figure 22



PART TWO

STRUCTURE OF ELECTRODEPOSITED CHROMIUM

SUMMARY

Scanning and transmission electron microscope examina-

tion of electrodeposited chromium has revealed that plating condi-

tions affect the size and orientation of the very fine individual
0

crystallites. Plating at 55 C results in a bright, very hard, 1180

Knoop-hardness number (KHN), coating comprised of 0.1 pm diameter

grains with a strong <111> fiber texture oriented perpendicular

to the surface of the base metal. Plating at higher temperatures

such as 85 C, or with a well aged plating solution, produces a

much softer deposit (600 KHN) composed of 1.5 jum grains with a

much less pronounced crystallographic texture. High tensile

stresses and the resulting crack formation in the deposit appear

to be due to the very large and aligned void space associated

with the unequilibrated grain boundaries. Heating during firing

or annealing results in 1 or 2 percent shrinkage of the chromium

as the grain-boundary void space is eliminated.

Introduction

Previous detailed studies using a variety of analytical

techniques have shown that the "white layer" which forms on the

bore surface of cannon barrels during firing is a consequence of

intense carburization of the interior surface by the high tempera-

ture and high carburizing activity of the gas produced from the

explosive charge. This results in the formation of high-carbon

molten steel, which is a very corrosive medium and can cause very

rapid deterioration of the interior surface, making it necessary

to replace the cannon tube.

A possible means of alleviating the extent of white-

layer formation is to protect the surface by applying a thin

.... . . . . .. . . )1



coating, perhaps up to 100 pm in thickness, of chromium by elec-

trodeposition. A long-standing difficulty with such thick coat-

ings is the occurrence of extremely high tensile stresses in the

plane of the deposit. These usually lead to cracking, either

during the plating operation itself or during subsequent heating.

The magnitude of the tensile stresses, and the extent

of the contraction that subsequently occurs, depend on the plating

conditions, particularly current density and electrolyte

temperature. Samples of 4340 steel, as used for cannon tubes,

were electroplated with chromium at Watervliet and submitted for

metallographic examination by light and electron microscopy.

The metallography of electroplated chromium is well

known to be rather difficult. The grain size is generally exteme-

ly small, internal stresses are large due to high concentrations

of defects, the presence of cracks can cause difficulty with

polishing or thinning, and etching to reveal the microstructure

is not easy because of the very etch-resistant nature of chromium.

Experimental Procedures

Four samples of chromium-plated steel, as described in

Table I, were submitted for examination. One, designated as

sample A, is representative of typical electroplating conditions

which result in a rather hard "bright" deposit with a very high

degree of contraction. Other s3mples electroplated under condi-

tions which produce lower hardness and much less contraction and

cracking were also submitted, along with sections of a chromium-

plated cannon barrel after test firing.

Samples were mounted and polished in cross section and

in planar section in order to observe the crack structures in both

orientations in the light and scanning electron microscopes.

The metallographic appearance of cracks in both light and electron

microscopes was found to depend on preparation conditions, as
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discussed in the following sections of this report.

Thin foils were prepared by ion milling for transmission

microscopy in the USS million-volt electron microscope. Slices

cut parallel to the surface were ground to about 50 um in

thickness. Because of the cracks, only small pieces survived this

process and truly satisfactory thin foils could not be obtained

in all cases.

Metallographic Observations

Optical micrographs of cross and surface sections of

sample A of bright hard chromium are shown in Figure 1. No micro-

cracks are visible on the mechanically polished surface. However,

electrolytic polishing-etching does reveal the presence of numer-

ous cracks perpendicular to the plated surface, as shown in Figure

1b, and on the planar section shown in Figure Ic. At higher

magnification in the scanning electron microscope, cracks were

revealed very clearly in both cross and parallel sections of the

chrome plate, as shown in Figure 2. The appearance of the cracks

suggested that they contain some unknown material, although this

effect was not fully reproducible between the usual alternate

polishing and etching cycles.

The results of very deep electroetching of the chrome

plate are shown in Figure 2. It may be seen that thin films of

what are presumed to be amorphous chromium oxide form at the

cracks. This structure will be discussed further in a section

dealing with the nature of microcracks in electrodeposited

chromium.

Transmission electron micrographs of a thin foil of

sample A are shown in Figure 3. The pattern of microcracks and

the extremely fine grain size are illustrated at several different

magnifications. The electron diffraction pattern from a selected

area is also included in the figure. Indexing of the diffraction

3



rings reveal that the (200) reflections are completely missing.

This is indicative of an extremely pronounced <111> fiber texture.

The apparent grain size, as determined by dark field micrographs,

as in Figure 3d, is about 0.1 )m. This grain size is about 5X

larger than typical values given in the literature which were

based on x-ray line-broadening measurements. The probable reason

for the difference is that the grains themselves contain a very

high dislocation density in a rather ill-defined substructure.
14

The high dislocation density of about 10 would markedly affect

line broadening and indicate an apparent finer grain size than

is actually present.

When the specimen is tilted so that <111> axes of

the columnar grains are not parallel to the beam in the high-

voltage microscope, a rather characteristic electron diffraction

pattern appears, as illustrated in Figure 4. In this sequence

of images and diffraction patterns, the foil was tilted about

the axis of the crack running across the center of the field of
0 0

view. The total range of tilting was 45 V that is, from +15 to
0

-30 , as indicated on the figure. Gaps which occur in the diffrac-

tion rings and the characteristic striped pattern result from an

oblique view of a fiber-textured specimen. Some micrographs of

another tilt series are shown in dark field in Figure 5. One of

the striking features of the microcracks is that they are discon-

tinuous and "ligaments" of metal connect some grains all through

the specimen. Presumably these connections are the reason that

the foil, although extremely fragile, remains intact and can be

mounted and examined in the high-voltage microscope. This crack

structure will be discussed further in the following section.

The crack pattern in the electroplated chromium becomes
0

more pronounced after heating for I hour at 900 C, and air

cooling. Examples of cross and parallel sections are shown in

Figure 6. It does not appear that the cracks are any more numerous

than before but have become wider, presumably because of further

contraction during annealing of the electrodeposit. The hardness

4



decreased to 160 KHN as a result of the annealing treatment. This

is a larger drop than might be expected from the grain size change,

indicating that part of the high hardness results from the dense

dislocation substructure.

High-voltage electron micrographs after annealing sample
o

A for 1 hour at 900 C are shown in Figure 7. These show that

although recrystallization has occurred, many of the ligaments

along the cracks remain. The fine structure in the matrix could

be dislocation loops produced by condensation of vacancies as-

sociated with the intergranular void space. However, it is more

likely that they are chromium oxides formed from the co-deposition

of Cr(OH) in the grain-boundary cavities during plating.

0

Sample B, (chromium electrodeposited at 85 C) was ex-

amined in the manner described in the preceding section of this

report. Optical micrographs of the cross and surface sections

are shown in Figure 8, and scanning electron micrographs in Figure

9. It may be noted that the hardness of 650 KHN is about half

that of sample A and the crack spacing is about 1OX coarser. High-
0

voltage electron microscopy of ion-thinned sections of the 85 C

sample revealed a much coarser grain size and more random grain

orientations, as illustrated in Figure 10.

The grain structure of the chromium in sample C, which
0

was electrodeposited at 55 C using a used plating solution, was

found to be generally similar to that observed in sample B. High-

voltage electron micrographs of specimens examined as-plated and

after annealing are shown in Figure 11. Annealing resulted in

little grain coarsening but did produce more equiaxed grains

and eliminated much of the dislocation substructure.

Scanning and high-voltage electron microscopy were also

used to examine the chromium electroplate on a sample of fired

cannon. Micrographs of the cross section and surface are shown

in Figures 12 and 13 after mechanical polishing, and in Figure

5



14 after electropolishing. The grain, dislocation, and crack

structures in thin foils are illustrated in the high-voltage mi-

crographs in Figure 15. The cracks are wider and more complex

after firing as compared with annealing at 870 to 900 C for labora-
0

tory samples. During firing the surface is heated to >1100 C

for a few milliseconds and is also exposed to explosive pressures.

More detailed study of the crack structures should be carried out.

Results and Discussion

The results of optical, scanning, and high-voltage elec-

tron microscopy of samples of chromium electrodeposited under

various conditions have revealed the following salient features:

1) The grains are small, 0.1 pm in diameter,

and highly oriented (<111> fiber texture) when elec-
0 0

trodeposition occurs at 55 C. At 85 C or when old plat-

ing solution is used, the grains are much larger (1.0

to 1.5 )jm) and more randomly oriented.

2) The cracking tendency decreases with in-

creasing grain size.

3) The cracks which form along grain bounda-

ries are discontinous and remain so after annealing.

4) The structure of the cracks is rather com-

plex and frequently they occur as very closely spaced

double cracks.

5) An amorphous film forms at the crack during

electropolishing.

It appears from this study that the high tensile stresses

present in electrodeposited chromium result from the fine grain

6



structure, and the tendency for cracking should therefore be con-

trollable. A theoretical model for the stresses is under considera-

tion and will be reported in due course. It suggests lower stres-

ses in thin deposits. The cracks in sample A are spaced about 10

to 20 pm apart and are about 0.2 pm in width, which correspond

to a relaxation of tensile strain of about 1 to 2 percent. Amorph-

ous metals also shrink about 2 to 4 percent during recrystal-

lization. The crack spacing observed here corresponds to 100 to
0

200 grain diameters, indicating an average void space of 10 to
0

20 A per grain boundary. This amount is not unreasonable for

the unequilibrated grain structure produced during elec-

trodeposition. Although the stresses in chromium electroplate are

generally found to be tensile, "compressive" stresses have been

reported in some cases. Presumably such apparent compressive

stress is a result of cracking during plating and the deposition

of chromium (or more likely the amorphous film observed here)

within the cracks during further plating.

The lower hardness obtained by plating at high

temperature, or by annealing previously, results from both a de-

crease in dislocation density and grain coarsening. In terms

of a hardness-grain-size Petch plot the contributions of these

two effects are about equal. It is known that 1 to 2 percent of

Cr(OH) is trapped within the deposited film, and this effect ap-

parently results in the formation of Cr 3 40 Some weak electron

diffraction evidence for this phase was obtained in the high-

voltage electron microscope.

.1
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TABLE I

Samples of Chrome Plating Examined by Electron Microscopy

Grain
Sample Preparation Hardness Structure

A 30A/DM 2  1150 KHN 0.1 am Dia.
Hard chrome 559C (190 after strong fiber
Hc 12-80-1 annealing texture

at 9006C) 4111

B 120A/DM2  650 KHN 1.5 pm
* L.C. chrome 850C (188 after weak texture

LC-12-80-3 annealing
at 8700C)

C 120A/M 610 KEN 1.8 1nM
L.C. chrome well aged weak texture
HEX.10-80-nt bath

D 0.1 am
Fired strong texture
cannon
8312-09-001
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(a) 300X (b) 500X

- - \

(c) 200X

Optical micrographs of chromium electrodeposited at 550C
showing Knoop hardness values on cross section (a), and
microcracks revealed by electropolishing cross section (b),
and surface section (c).

Figure 1
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(a) lOOOX (b) 50OX

(c) 200X (d) lOOOX

Scanning electron micrographs of chromium electrodeposited
at 550C and electropolished to reveal microcracks; cross
section (a), and surface (b), (c), (d). Prolonged electro-
polishing enhances formation of amorphous film (c), (d).

Figure 2



(a) ll,OO0OX (b) 15,0Ox

(c) SAD (d) 60,OOOX

High voltage transmission electron micrographs of chromium
electrodeposited at 550C showing microcracks (a), fine O.lvn
grain size (b), electron diffraction pattern (c), and dark
field image (d).

r~igure 3



15, OOOX

High voltage transmission electron micrographs of chromium
electrodeposited at 550C. Sample was tilted around an axis
along the microcrack. Missing 200 reflection and disco"t-
tinuous arcs are characteristic of a 110 fihp? 1-Pxtiirp
parallel to the film thickness dirp'-tion.
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(a)+10 5,00X () 0 5,O 1

(a) +150 15, OOOX (b) 300 15,OOOX

High voltage transmission electron micrographs (all dark
field) showing grain clusters with similar orientations.

Figure 5
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(a) l0Ox (b) l0,0Ox

(c) 1200X (d) 600 OX

Scanning electron micrographs of chromium electrodeposited
at 550C and then annealed at 9000C for 1 hr to enlarge
microcracks; both cross sections (a) ,(b), and surface
sections (c),(d) were electropolished.

Figure 6
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(a) 2000X (b) lO,00X

F

(c) 30,OOOX (d) 120,O00X

HVEM transmission micrographs showing chromium electro-
deposited at 55*C and then annealed for 1 hr at 9000C
resulting in crack coarsening (a), recrystallization (b), (c),
and formation of fine precipitates or vacancy loops (d).

Figure 7



(a) 300X (b) 500X

(c) 20nX

Optical micrographs of chromium electrodepcsi-ed at 85*C
showing Knoop hayiness values (a), and coarse mirvr(7ak-
in cross section (b), and surface section(c).

FP gure 8



(a) 50OX (b) 5000 X

(c) b0OX (d) 300X

Scanning electron micrographs of chromium electrodeposited
at 850C showing coarse microcrack structure; c oss sections
(a), (b); surface sections (c), (d).

Figux~e 9



(a) 15,OO0OX (b) SAD

(c) Dark Field 15,OOOX

HVEM micrographs of chromium electrodeposited at 85*C
showing dense substructure in the lpm grains which exhiibit
only a weak fiber texture.

Figure 10



(a) 5000X (b) 15, OOOX

4

*(CI 7500X (d) 15,OOOX

High voltage electron micrographs of chromium electrodeposited
at 55*C with used plating solution; as deposited (a), (b), and
after annealing 1 hr at 870*C (c),(d).

Figure 11
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(a) 200X (b) 500X

I, * SAW' 4

(c) l00OX (d) 5000X

Scanning electron micrographs of mechanically polished
cross section of chromium electroplate on a fired cannon.

Figure 12



(a) OX (b) 500X

(c) lOOOX (d) lOOOX

Scanning electron micrographs of mechanically polished
surface of chromium on a fired cannon.

Figure 13



(a) ioOX (b 200X

(C) 50OX (d) 1000X

Scanning electron micrographs of electropolished surface
of chromium on a fired cannon.

Figure 14



(a) 1O,OOOX (b) 60,OOOX

(c) 30, OOOX d)SAD

HVEM of chromium electropl~ate stripped from surface of
fired cannon.

Figure 15






