AD-R462 853 STRUCTURE OF ELECTRODEPOSITED CHROMIUN ON GUN STEEL(U)
’ ﬁggzackﬂﬂlim’ RESEﬁRCH ﬁND DEVELOPHENT CE ER
UNCLASSIFIED ARLCB-TR- 85036 SBl-ﬂD E440 310 F/G 11/6

i1




3

il - ¥
X ! K oy A% ' * g < .
-l e, I N I e e T T s e R P TR Y e I ALY e ot ey vy e
i - -~ S

1 ! fiz2 ' 3
““\:E— = 1= e . 35

28 flus, s B

NATIONAL BUREAU OF STANDARDS
MICROCOPY RESOLUTION TEST CHART

e
’

P
I S
. K

. f‘f‘
+ ¢ F

B

l!

Ca A
.l" 'I
' P

ST Ny -
‘l
PR

oY
ll'l’
'

i+




-

g ~ -
T ol T -
. . Pl bt R Ty Ty < Bat] P
CERRCI - R e s Toww

o ST e T PR i St = liet St St it hat i i S e A S Ty T
'
! . -
P @ -
» PRI

AD-A162 853

E AD E ¥ Y6 3/0 e
TECHNICAL REPORT ARLCB-TR-85036 ‘ .
STRUCTURE OF ELECTRODEPOSITED "
CHROMIUM ON GUN STEEL R
M. H. KAMDAR |
R. M. FISHER .
: ~TIC L
L SEPTEMBER 1985 .o
Jcc 1 8 9
¥ g i
US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER .
LARGE CALIBER WEAPON SYSTEMS LABORATORY 1
BENET WEAPONS LABORATORY
WATERVLIET N.Y. 12189 .
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED
¢ i 25

..................................
-----------




R At Jar APl vt S e | o il
M ST ML S RN AN N S e g e DRI S At A i ot Srve ar i g JIE L

.........

DISCLAIMER

The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other authorized

documents.

The use of trade name(s) and/or manufacture(s) does not comnstitute . j:

an official indorsement or approval.

Yor e v e e e .
St

DISPOSITION

Destroy this report when it is no longer needed. Do not return it

-

to the originator. ! ‘

— . e e . .
Lt e T
2

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

PP S I T R T S A e At T e T T e e e e T e e T e s e
IR, POPS S PP AR AR T L. W, Rk WA WA EREGL R TR N




SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE pErZAD INSTRUCTIONS
1. REFPORT NUMBER 2. GOVT ACCESSION No.1 3. RECIPIENT'S CATALOG NUMBER
ARLCB-TR-85036 D-A/6 2-K53
4. TITLE (end Subtitle) S. TYPE OF REPORT & PERIOD COVERED
STRUCTURE OF ELECTRODEPOSITED CHROMIUM
ON GUN STEEL Final

8. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 4. CONTRACT Oa GRANT NUMBER(s)
M. H. Kamdar and R. M. Fisher (see reverse)

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
US Army Armament Research & Development Center AREA B WORK UNIT numazRe 5
Benet Weapons Laboratory, SMCAR-LCB-TL z;»églglego.12§;géggiiﬁo.o_1
Watervliet, NY 12189-5000 )

1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army Armament Research & Development Center September 1985

Large Caliber Weapon Systems Laboratory 3. NUMBER OF PAGES

Dover, NJ 07801-5001 2”

14, MONITORING AGENCY NAME & ADORESS(!f different from Controlling Office) 1S. SECURITY CI ASS. (of thia report)

UNCLASSIFIED
1Sa. DECLASSIFICATION/ DOWNGRADING
SCHEOULE

78, DISTRIBUTION STATEMENT (of this Report) : T‘C

' g

e

Approved for public release; distribution unlimited. ,-" : 8‘3 A
i Lo\
s ®®

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. <EY WORDS (Continue on revarse side if necessary and ldentily by block number)

Chromium Plating Grain Size
Cracks Metallography
Texture High Voltage Microscopy

20. ABSTRACT (Toutfmse em reverse side if neceesary md identily by dlock numbder)

Scanning and transmission electron microscope examination of electrodeposited
chromium has revealed that plating couditions affect the size and orientation
of the very fine individual erystallites. Plating at 55°C results in a bright,
very hard, 1180 Knoop-hardness number (KHN), coating comprised of 0.1 m
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
(CONT'D ON REVERSE)

DD .55, 1473  eormow oF 1 nov 65 15 oesoLETE UNCLASSIFIED

SECUMTY CLASSIFICATION OF TMIS PAGE (When Date Entered)

Dt

PRI P IO AT PR '."_.A'i-,'.-; I;‘._l'-'-."-' S N R e A T T T T S A S A A L

ddind snla Do ok o oo n> o> =

LR N
2 m>ala®a® ..

‘o s
o
o ¢

*|
', .

FR
2 a2 8

SRS
l,'l‘.'l{..
RN

* e - .
o)
', )
ot I
» e .
L [+




SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

7. AUTHORS (CONT'D)

R. M. Fisher

U.S. Steel Corporation
Research Laboratory
Monroeville, PA 15146

20. ABSTRACT (CONT'D)

with a well-aged plating solution, produces a much softer deposit (600 KHN)
composed of 1.5 um 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 one or two percent shrinkage of the chromium as the grain boundary
void space is eliminated.

Accession Tor
TuTiS  APA&T
arye TLR

RERREAEY
3

mﬂ

UALITY
INSpr-

2
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)
; :.*_'."- SR AL N A R T N L .._«.,:A_.. “
RGN \ Y ._,.,7. Y WY, ! \..,.,-\ \ Yy -;.--'...,-.-;“u S WL - -




TABLE OF CONTENTS

INTRODUCTION

EXPERIMENTAL PROCEDURES
METALLOGRAPHIC OBSERVATIONS
RESULTS AND DISCUSSION

REFERENCES

TABLES

I. SAMPLES OF CHROME PLATING EXAMINED BY ELECTRON MICROSCOPY

LIST OF ILLUSTRATIONS

1. Optical micrographs of chromium electrodeposited at 55°C
showing Knoop hardness values on cross—section (a), and
microcracks revealed by electropolishing cross-section (b),
and surface section (c¢).

2. Scanning electron micrographs of chromium electrodeposited
at 55°C and electropolished to reveal microcracks; cross=-
section (a), and surface (b), (¢), (d).

3. High voltage transmission electron micrographs of chromium
electrodeposited at 55°C showing microcracks (a), fine 0.1
um grain size (b), electron diffraction pattern (c), and
dark field image (d).

4. High voltage transmission electron micrographs of chromium
electrodepogited at 55°C.

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

- 6. Scanning electron micrographs of chromium electrodeposited
) at 55°C and then annealed at 900°C for one hour to enlarge
microcracks; both cross-=sections (a), (b), and surface

5 sections (c), (d) were electropolished.

0 AR S

. TR R R S e R T
e I N A A A A I R T S P T N I LA




gl .|

59

IR

&

'
Lle

)
et
. »

’

v, ¢
LI b

v

..
0
LI
SRl

/

.
-

LR R A
--'-‘.n., N

." .(". ’

)

10.

11.

12.

13.

14.

15.

High voltage electron transmission micrographs showing
chromium electrodeposited at 55°C and then annealed for
one hour at 900°C resulting in crack coarsening (a),
recrystallization (b), (c), and formation of fine
precipitates or vacancy loops (d).

Optical micrographs of chromium electrodeposited at 85°C
showing Knoop hardness values (a), and coarse microcracks
in cross~section (b), and surface section (c¢).

Scanning electron micrographs of chromium electrodeposited
at 85°C showing coarse microcrack structure; cross—sections
(a) and (b), and surface sections (¢) and (d).

High voltage electron micrographs of chromium electro-
deposited at 85°C showing dense substructure in the 1 im
grains which exhibit ounly a weak fiber texture.

High voltage electron micrographs of chromium electro-

deposited at 55°C with used plating solution; as deposited
(a) and (b), and after annealing one hour at 870°C (c) and

(d).

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

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

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

High voltage electron micrographs of chromium electroplate
stripped from surface of fired cannon.

i1

........
.

18

19

20

22

23

24

25

. A
A

o v e e e,




LSER LG EN R

LTI

N T S T T T T T O e

INTRODUCTION

Previous detailed studies using a variety of analytical techniques have
shown that the "white layer™ which forms on the bore surface of cannon tubes
during firing is a cousequence of intense carburization of the interior
surface by the high temperature and high carburizing activity of the gas
produced from the explosive charge (refs 1-3). This results in the formation
of high carbon molten steel, which 1s 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 coating, perhaps up to 100 wum in
thickness, of chromium by electrodeposition (ref 4). A long-standing
difficulty with such thin coatings 1s the occurrence of extremely high tensile
stresses in the plane of the deposit (refs 5-12). 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, depends oan the plating conditions, particularly
current density and electrolyte temperature. Samples of 4340 type gun steel
were electroplated with chromium and used for metallographic examination by
light and electron microscopy.

The metallography of electroplated chromium is well-known for being
difficult. The grain size is generally extre;ely small, internal stresses are

large due to high concentrations of defects, the presence of cracks can cause

References are listed at the end of this report.
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difficulty with polishing or thinning, and etching to reveal the micro-

structure 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
examined. One, designated as sample A, is representative of typical electro—-
plating conditions which result in a rather hard "bright" deposit with a very
high degree of contraction. Other samples electroplated under conditions
which produce lower hardness and much less contraction and cracking were
examined, along with sections of a chromium plated cannon tube after test
firing.

TABLE I. SAMPLES OF CHROME PLATING EXAMINED BY ELECTRON MICROSCOPY*

T I | T Grain ki
| Sample | Preparation | Hardness |  Structure |
I | | | 1
| A | 30 A/dm? | 1150 kAN | 0.1 um dia. |
| Hard Chrome | 55°C | (190 after | strong fiber |
| He 12-80-1 | | annealing | texture <111> |
{ : } at 900°C) } }
| B | 120 A/dm? | 650 KHN [ 1.5 m l
] L.C. chrome | 85°C | (188 after | weak texture |
| LC-12~80-3 | | annealing | |
l l | at 870°Cc) | |
| l | | i
| ¢ | 120 A/dm? | 610 KN | 1.8 um I
| L.C. chrome |  well-aged | |  weak texture |
 HEX. 10-80-nt | bath [ I |
[ | | | |
| D | | | 0.1 im [
| Fired cannon | - | - |  strong texture |
| 8312-09-001 | L | L

ettt — g = g - = =, -

Samples were mounted and polished in cross-section and in planar section

in order to observe the crack structures in both orientations. The

*These specimens were supplied by Dr. E. Chen, Research Branch, Benet Weapons
Laboratory.
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metallographic appearance of cracks in both light and electron microscopes was
found to depend on preparation conditions, as discussed in the following
sections of this report.

Thin foils were prepared by ion milling for traunsmission 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
pleces 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. Electrolytic polishing-etching reveals
the presence of numerous cracks perpendicular to the plated surface, as shown
in Figure 1b, and on the planar section shown in Figure lc. Afr 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 coatain 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 a thin film of what 1s presumed to be amorphous
chromium oxide forms at the cracks (ref 13). This structure will be discussed

further in a section dealing with the nature of microcracks in electro-

deposited chromium.
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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
1llustrated at several different magnifications. The electron diffraction
pattern from a selected area is also included in the figure. Indexing of the
diffraction rings reveals 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,
i3 about 0.1 um. This grain size 18 about five times larger than typical
values given in the literature which were based on x-ray line-broadeniag
measurements. The probable reason for the differeace 1s that the grains
themselves contain a very high dislocation density in a rather ill-defined
substructure. The high dislocation dengsity of about 10 1* 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 ruanning across the ceater of the field of view.
The total range of tilting was 45 degrees, that is from +15 degrees to =30
degrees, as Indicated on the figure. Gaps which occur in the diffraction
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
the dark field in Figure 5. One of the striking features of the microcracks

is that they are discontinuous and "ligaments”™ of metal connect some grains




all through the specimen. Presumably these connections are the reason that

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

examined in the high-voltage mfcroscope. This crack structure will be

discussed further in the following section.

i The crack pattern in the electroplated chromium becomes more pronounced
after heating for one 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

l are any more numerous than before but have become wider, presumably because of
further contraction during annealing of the electrodeposit. The hardness
decreased to 160 KHN as a result of the annealing treatment. This is a larger

i drop than might be expected from the grain size change, indicating that part

of the high bhardness results from the dense dislocation substructure.

High voltage electron micrographs after annealing sample A for one hour

. at 900°C are shown in Figure 7. These show that although recrystallization
has occurred, many of the ligaments along the cracks remain. It is more
likely that they are chromium oxides formed from the codeposition of anhydrous

i chromium oxide in the grain boundary cavities during plating (ref 14).

Sample B (chromium electrodeposited at 85°C) was examined in the manner

A

described in the preceding section of this report. Optical micrographs of the

O

. cross and surface sectious are shown in Figure 8, and scanning electron ACARAS
]
micrographs in Figure 9. It may be noted that the hardness of 650 KHN is o

about half that of sample A and the crack spacing is about ten times coarser.

High voltage electron microscopy of ion~thin sections of the 85°C sample T
revealed a much coarser grain size and more random grai.. orientations, as

{llustrated in Figure 10.

B
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The grain structure of the chromium in sample C, which was electro-
deposited at 85°C with 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 1ll.

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

ii the chromium electroplate on a sample of fired cannon. Micrographs of the ;&;;g
1 cross-section and surface are shown in Figures 12 and 13 after mechanical {M“T?
r polishing, and in Figure 14 after electropolishing. The grain, dislocation, ff §§
i‘ and crack structures in thin foils are illustrated in the high voltage e

- micrographs in Figure 15. The cracks are wider and more complex after firing

as compared with annealing at 870°C to 900°C for laboratory samples. During

firing the surface 1s heated to >1100°C for a few milliseconds and is also

exposed to explosive pressures. A more detalled study of the crack structures

should be carried out.

RESULTS AND DISCUSSION

The results of optical, scanning, and high voltage electron microscopy of
samples of chromium electrodeposited under various conditions have revealed
the following salient features:

1. The grains are small, 0.1 um in diameter, and highly oriented (K111>

fiber texture) when electrodepositlon occurs at 55°C. At 85°C or when old

plating solution is used, the grains are much larger (1.0 to 1.5 m) and more

randomly oriented.
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2. The cracking tendency decreases with increasing grain size.
3. The cracks which form along grain boundaries are discontinuous and
remain so after annealing.

4, The structure of the cracks is rather complex 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 structure, and the
tendency for cracking should therefore be controllable. A theoretical model
for the stresses is under consideration and will be reported in the future.

It suggests lower stresses in thin deposits. The cracks in sample A are
spaced about 10 to 20 um apart and are about 0.2 wm in width, which corresponds
to a relaxation of tensile strain of about one to two percent. The crack
spacing obgserved here corresponds to 100 to 200 grain diameters, indicating an
average void space of 10° to 20°A per grain boundary. This amount is not
unreasonable for the unequilibrated grain structure produced duriang
electrodeposition. Although the stresses in chromium electroplate are
generally found to be tensile, "compressive” stresses have been reported in
some cases. Presumably such appareunt compressive stress is a result of
cracking during plating and the deposition of chromium within the cracks
during further plating.

The lower hardness obtained by plating at high temperature, or by
annealing previously, results from both a decreagse in dislocation density and
grain coarsening. 1In terms of a hardness grain-size "Petch plot”, the

contributions of these two effects are about equal. It is known that one to




two percent of Cr(OH) is trapped within the deposited film, and this effect
apparently results in the formation of chromium oxide (Cr304). Some weak
electron diffraction evidence for this phase was obtained in the high voltage

electron microscope.
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Cptical micrographs of chromium electrodeposited at 55°C
showing Knoop hardness values on cross section (a), anA
microcracks revealed by electropolishing cross secticen (b)),
and surface section (c).

Figure 1
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(c) 200X

Scanning electron micrographs of chromium electrodeposited
at 55°C 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
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(b) 15,000X

(c) SAD (d) 60,000X

High voltage transmission electron micrographs of chromium RN
- electrodeposited at 55°C showing microcracks (a), fine 0.lum o
. grain size (b), electron diffraction pattern (c¢), and dark
y field image (d4).

Figure 3
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High voltage transmission electron micrographs of chromium ‘;f;*
electrodeposited at 55°C. Sample was tilted around an axis SO
along the microcrack. Missing 200 reflection and discon-
tinuous arcs are characteristic of a 110 fiber texture
parallel to the film thickness direction.
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High voltage transmission electron micrographs (all dark
field) showing grain clusters with similar orientations.
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Figure 5
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1200X

Scanning electron micrographs of chromium electrodeposited
at 55°C and then annealed at 900°C for 1 hr to enlarge

Mo T

i. microcracks: both cross sections (a), (b)), and surface
. sections (c), (d) were electropolished.
‘ 16 Figure 6

A AEAE I A R PRI A ST




ST T T N N T Y R T TN T T T T T T T T T e

30,000X 120,000x

HVEM transmission micrographs showing chromium electro-
deposited at 55°C and then annealed for 1 hr at 900°C
resulting in crack coarsening (a), recrystallization (b), (<),
and formation of fine precipitates or vacancy loops (d).

Figure 7

17

- . . . - . - PR Y e
PN LR A T R - o . ~ ) TN
- - - e . . RN . N . . . Lot e e - - . e
R R DR T TR I S . D IR U TSR S P .. LA
R A P PP TR Y VA R .
o PP IO PTG S PN P € P U PR R R Ul




DR AL P T e e g mad et A A Anh, Al A Sesr e ane g o on

! Optical micrographs of chromium electrodepnsited at 85°C
’ showing Knoop hardness values (a), and coarse microcracks
in cross section (b), and surface section(c).

18

LS A TALY
POCVE S WL AL P PL S




REANAN ~ . 4 A 5 T N W WV ey r e Wy

’ (<) 100X

Scanning electrnn micrographs of chromium electroderosited
' at 85°C showing rcoarse microcrack structure; cross sectiong
(1), (b); suwfrea sections (¢), (d).
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15,000X% (b) SAD ]

(c) Dark Field 15,000X

- HVEM micrographs of chromium electrodeposited at 85°C
‘ showing dense substructure in the lum grains which exhibit
only a weak fiber texture.

Figure 10
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(=) 7500X (d) 15,000X

&N High voltage electron micrographs of chromium electrodepnzitarnd
- at 55°C with used plating solution; as deposited (a), (k). nd
o after annealing 1 hr at 870°C (c), (d).

gf Figure 11
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Scanning electron micrographs of mechanically polished
cross section of chromium electroplate on a fired cannon.

Figure 12
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Scanning electron micrographs of mechanically polished T
surface of chromium on a fired cannon.
Figure 13
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(b) 200X

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

24 Figure 14
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30,000X (d) SAD

HVEM of chromium electroplate stripped from surface of
fired cannon.

Figure 15
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