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Physical Properties of Electrodeposited Chromium 

By Abner Brenner, Polly Burkhead, and C h a rles Jennings 

The following properties of chromium, deposi ted under a wide variety of plating condi­

tions, 11ave been measured ; densi ty, hardn ess, tensile s trength, Young's modulus of elasticity, 

ductili ty, electr ical res ist ivi ty, and stress in t he deposit. The oxygen and hydrogen content 

were d etermined. The effect of heat treatments up to 1,200° C on certain of these properties 

has been determin ed, and so me work has been done on t he properties of chromium-iron 

alloys deposited from modifi ed chromi c acid solutions. A rela tion between the hydrogen 

alld oxyge n content of the deposits has been shown to exi st, and the effect of the oxygen co n­

tent on the physical properties has been studied. 

1. Introduction 

011(' of th e a dvantage of electrodeposited 

metals is the possibility of producing deposits of a 

given metal with widely different properties by 

varying the conditions of deposition. This fea­

t ure is even more importanL in enginee ring appli­

cations of electrocLeposits t han for their ornamental 

Llse. The increased usc of plated meLal C'oaLings 

and of clectroformed art icl es during the war led 

to a demand for a more exact knowledge of LIlC 

physical properties of deposited metals, as a g uide 

in the selection of metals to meet specified types 

of service. 

The original impetus for this study came from 

an attempt to electrodeposit either chromium or 

one of its alloys in a form that ,·vould have some 

ductility. Although this aim was not achjcved, 

this work led to the study and measurement of 

these properties of chromium on which little data 

were available. 

The great hardness of electrodeposited chro-

< mium has been of considerable practical and 

theoretical interest, and consequently most study 

has been devoted to this property in the past. 

Few broad investigations of the other properties 

of chromium deposits have been made, and the 

trend has been to study minutely a Iew types of 

deposits with respect to a given property. In 

this investigation no exhaustive study I any single 

I physical property was made, but several properties 

;- of deposits, which were produced under widely 

different conditions, were determined in order to 
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correlate the physical proper t ies and the condi­

tions of depositions; and Lo establish the range of 

each properLy. HcIerence to table 11 will give 

an idea of the groat range attainable in the prop­

erties of chromium deposi ts. 

In t his study the following measurements were 

made on th e deposits : Oxygen and hydrogen 

content, hardness, density, te nsile strength, 

Young's modulus, ductility, and electrical resis­

ti v ity. The effect of heat trea,tn'lent up to 1,200 0 

C on some of these properties wa determined. 

III addition, observations were made on the 

cathode current efficiency and on the strcs in the 

deposits as plated. Certain factors, uch as the 

crystal structure, were not investigated, because 

that subj ect has been adequately treated by 

others. l No previous data on either the t ensile 

strength or Young 's modulus were found in the 

Ii terature. 

One resul t of this study has shown that deposits 

obtained at 85 0 C and above arc much sounder 

than the bright deposits at about 50° C. 

II. Plating Solutions and Conditions of 
Deposition 

The specimens employed in these studies were 

deposited from solutions, COD taining chromic acid 

in concentrations from 50 to 500 g/liter togeth er 

with either (a) sulfate with a weight ratio of 

1 After this paper was written , a paper was received from Cloyd A. Snavely 

on the theory of chromium plating. He discusses t he mechanism of chr()o 

mium plating on the basis of X·ray data and attributes the d ifferences in 

properties of chromium to the form ation of hy drides. 
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TABLE 1. Conditions used in chromium depositior. 

Dc· 
posit 
No. 

Bath CrO, SO~ 
Fluo· 
ride 

Cathode 
Temperature Current density E ffi cien· Apprarance 

cy 

--- - -------.---.-- --------- - --,---1---,-------------.--

Standard ................... ..... . 

2 ••••. do ............................... . .. . 

3 ..... do ........ . .................. ...... . 

4 ..••. do ................... . ........ . ..... . 

5 ..... do ....................... .. ......... . 

. _ ... do .. _ ......•........ _ .. __ .. _ ........ . 

7 .•... do._ ............. _._ ... _ .... __ ...... . 

8 ..... do .............. _ ........ _ .......... . 

..... do .... .............................. . 

10 _ .... do ............. . ... _ .. . ...... . ...... . 

11 . _ •.• do ............... .... .. _ ..... . ...... _ 

12 " ... do _ ............ . .....• . ........•.... _ 

13 ..... do __ ... . .. . ................. ... ..... . 

14 ..... do __ ..... ... ....... _ ................ . 

15 ..... do ...... .......... _ ............... . . 

16 ..... do . _ ..... ... ....................... . 

17 ..... do 

18 ..... do 

19 " ... do._ .. . ..... "'.'."'.'.' . ... ... .... . 

20 ..... do_._._ ............................. . 

21 ..... do ...... .... ' ............... .... .... . 

22 .•... do ........ .. ' ... ' .. . . _ ..... ..... .... . 

23 ..... do .. _ ......................... .. .... _ 

24 ..... do ................... _ ..... ... ...... . 

25 ... • . do _ ..... ..........•.. _ ... ... •.. ...... 

26 .... . do .. ................................ . 

27 . . .• . do ........ ... .................. . .... . 

28 ••.. . do ...... .. ..............•. ..•. . . .. . .. 

29 ..... do ..... . ............. _ . .. ........ . . . . 

30 ..... do ............ . _'." ._ ..... _ .... . . . . . 

31 ..... do ................. . ..... ... . . ...... . 

32 ..... do ..................... . .... _ ....... . 

33 ..... do ...... .. ............. -- .. . ... ... . . . 

34 ..... do ....... .... .. _ ..... _ .... .. ........ . 

35 " .. . do .................. . _ .. .. ......... . 

36 ..... do ................... _ ........... _ .. . 

37 ..... do ...................... ••.•. ....... . 

38 ..... do ....... _ ... ....... _ .......... _ ... _ 

39 High SO, ._._ .. ..... .......... ...... ... . 

40 Dilute . ....... . .................... .. ... _ 

41 ..... do ............... . ... _ ........ . ..... . 

42 .... . do . . ................................ . 

43 ..... do .. __ ..... ... ... ' .. " .. ' ............ . 

44 ..... do ....... .. .. .. .... . . _ ..... ......... _ 

45 . _ ... do ................... __ . ' ...... . .... . 

46 I." .. do . . _. -.............. - .. '.' ... ' ... . . . 

47 Concentrated _ ........... _ ..... . ........ . 

48 ..... do ................. _ ................ . 

49 ..... do .................................. . 

50A Fluoride ..... .................... ...... . 

50 Fluoride·!. _ ..................... . ..... . 

51 .... . do ............................. . .... . 

52 ..... do._ ......•.......................... 

32 

g/liter 
250 

250 

250 

250 

250 

250 

250 
250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

250 

50 

50 

50 

50 
50 

50 

50 

500 

500 

500 

g/liter 
2. 5 

2.5 

2.5 

2.5 

2.5 

2. 5 

2.5 

2.5 

2.5 

2.5 

2. 5 

2.5 

2. 5 

2.5 

2.5 

2.5 

2.5 

2. 5 

2.5 

2. 5 

2.5 

2. 5 

2. 5 

2. 5 

2.5 

2.5 

2.5 

2.5 

2.5 

2. 5 

2. 5 

2.5 

2. 5 

2. 5 

2.5 

2.5 

2.5 

2.5 

0. 5 

0. 5 

0.5 

0.5 

0. 5 

0. 5 

0. 5 

5 

5 

5 

250 _ ....... . 

250 .......... 1 

250 [_ ........ . 

250 _ ..... . .. . 

g/liter 

10 

6 

6 

6 

°C 
30 

30 

40 

45 

45 

50 

50 

50 

50 

50 

50 

50 

50 

50 

60 

65 

65 

65 

65 

65 

65 

70 

70 

70 

75 

75 

75 

75 

85 

85 

85 

85 

85 

85 

90 

95 

100 

100 

85 

50 

50 
85 

85 

90 

100 

100 

50 
50 

85 

85 

50 

50 

50 

OF amp/dm2 
86 5 

86 10 

104 15 

113 20 

113 25 

122 

122 

122 

122 

122 

122 

122 

122 

122 

140 

149 

149 

149 

149 

149 

149 

158 

158 

158 

167 

167 

167 

167 

185 

185 

10 

20 

30 

40 

60 
80 

100 

200 
40 

10 

20 

30 

40 

80 

100 

40 

80 

100 

50 

60 

80 

100 

20 

40 

60 

80 

120 

amp/It' 
47 

95 

140 

186 

237 

47 

93 

186 

280 

370 

560 

745 

930 

1,860 

370 

93 

186 

280 

370 

745 

930 

370 

740 

930 

465 

560 

740 

930 

186 

370 

560 

740 
1,110 

Percent 
9 Bright . 

17 Frosty. 

17 B right. 

15 Do. 

17 Do. 

Milky. 

1! Bright. 

15 Do. 

18 Frosty. 

19 Bright. 

20 Do. 

22 Do. 

22 Do. 

Matte. 

16 Bright. 

7 Matte. 

10 Do. 

13 Bright. 

14 M ilky. 

Do. 

16 Frosty . 

12 Matte. 

14 Bright. 

15 Do. 

13 Matte. 

13 Milky. 

Do. 

14 Do. 

5 Matte, spalled. 

7 Matte. 

10 

1! 

12 

Do. 

Do. 

Do. 

185 

185 

185 

185 

194 

160 .................. . . 

203 

212 
212 

185 

122 

122 

185 

185 

194 

212 

212 

122 

122 

185 

185 

122 

122 

122 

80 740 8 Satin. 

80 

80 

300 

80 

10 

20 

20 

80 

80 

80 

100 

10 

20 

80 

60 

20 

30 

40 

740 

740 

2,790 

740 

93 

186 

186 

740 

740 

740 

930 

93 

186 

740 

560 

186 

280 

370 

4 Matte, spalled . 

4 Do. 

Spalled. 

10 Matte. 

13 Bright. 

20 Do . 

15 Matte. 

18 Do. 

Satin. 

8 Do. 

6 

16 

Do. 

Matte. 

Do. 

Do. 

Milky. 

25 Bright. 

15 Do. 
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TABLE 1. Conditions used in chromium deposition- Continued 

D e· 
p o ~ it 

No. ______ B_ B_t_h _____ __ -=- I ~ _ ~ _ ld _~_· -I-_ 'l _' e _m_ p ,e r _ a t_ u _ r e _l_ c_u _ n _.e n_t , d _ e_ n s _i t __ Y_ 

Cathode 
E mcien ­

cy 
ppeBrance 

ujliter gjliter ojUter °C o f ampjdm' amp/ft ' Percent 
53 Fluoride· l ............................... 250 6 85 185 20 186 15 M atte. 

54 ..... do ......... - -- ---- --- - - - - - - _. - - - -- - 250 6 85 185 40 --------- - - --- ------

55 ..... do ............. . .............. _____ .. 250 6 85 185 80 740 27 M atte. 

56 Fluoride-2_ - - -. ----- - ----- -- - - - -- ------ - 250 2. 4 85 185 80 740 15 Do. 

56A ...•. do ._ .. __ ----------_._------- --- ---- - 250 2. 4 85 185 40 372 18 

57 Fluoride-3 _· ______ "----------------.-._-- 250 1.2 85 185 20 186 20 M a tte. 

58 Fllloride-4 ___ ._ . .. _. __ . . . __ _ . . . ______ _ . _ 50 2. 4 ·85 185 20 186 

59 ._ . . _do. __ .. __________________ . ______ .. . . _ 50 2. 4 85 185 80 740 16 

60 Fluoride-5 ___ __ _ ---------------- 50 1. 6 50 122 10 93 Satin . 

61 __ . •. do __ . ____ ____ . ___ . __ ....... ________ ._ 50 1. 6 50 122 30 280 Do. 

62 _. _ .. do ____ . _. ____________________________ 50 1.6 50 122 60 560 24 

63 _ .. _. do .. _____________________________ . ___ 50 1.6 85 185 60 560 30 Matte. 

64 Fluoride-6 __ . ___ .. __ . ____ ._. _ .. -- . . - 50 1.2 85 185 80 740 

65 Redueed __ . ___ _ 2. 5 _________ _ 16 11 1 . . .... _. __ 22 D ark, smooth. 

66b Tri valent . __ _ _ -. ---- ----. -- ----- --- --- --- -- .--------- .. -·-1-· --- --·--1---- --.--. -.... -.--. -...... -·-1- '- '-'---'1' ... -----. M a tte. 

• Solu t ion and plating conditions according to Wright, nirst, and R iley (39). A solu tiou containing CrO" 250 gjli tcr, was red uccd witb oxa li c Bcid to COLl­

tain 25 perceut of the chromium in the tri valent condition. 

b Specimen of chromium received from the U. S. Bureau of Mines. D eposited from a trivalen t solution 1221. 

01'03/804 from 50 to 100; or (b) fluoride 'with a 

weight ratio of CrOa/F of from 20 to 200. The 
range of plating condition was a follows: Tem­

perature, from 16 0 to 100° 0; current density, 

from 5 to 300 amp/dm2• Thc principal baths 

and conditions of operation arc listed in table 1-

The baths were made from a pure grade of com­

mercial OrOa, the sulfate content of which was 

determined. Required additions of sulfate were 

added as sulfuric acid . The sulfate content was 

checked by analysis and the OrOa content with a 
hydrometer. Fluoride was added as hydro­

fluoric acid of a known strength, or as potassium 
fluoride. 80me exploratory studies were made on 

trivalent chromium baths of the type developed 

by the United States Bureau of Mines [22]* for 

the electrowinning of chromium, and a few analy­

ses and measurements were made on samples 

received from the Bureau of Mines. 
The baths were contained in 6-liter glass cylin­

ders. The anode was a cylinder of chernicallead, 

which lined the inside of the container. The 
cathode tube was supported vertically in the 

center of the jar_ The desired temperature was 

thermostatically controlled to ± 1 °0, and the 

"F igures in brackets indicate the literature references at the end of this 

paper. 

P roperties o f Chromiu m 

solution level was maintained constant. The 

current density was controlled to ± 5 percent. 

The solution containing fluorides were also con­
tained in glass ves els, as it was found that for the 

concentrations employed no appreciable attack of 

the glass occurred. Because both lead and graph­

ite anodes were rapidly attacked in baths con­
taining fluoride, platinum anodes were used . 

The cathode efficiencies reported in table 1 were 
determined by depositing chromium on gold rods 

under the same conditions as were used for deposi­

tion of test specimens. The literature [9] con­

tains data on the cathode current efficiencies of 
chromium plating solutions for temperatures up to 

65° O. However, the data for solutions operated 

at 85° 0 are not very extensive. For this reason 

data are given in figure 1 for solutions operated at 
85° C and containing either sulfate or fluoride. 

The current efficiency of the dilute sulfate solu­

tion, containing OrOa, 50 gjliter and 804 , 0.5 

gjliter, is about double that of the standard 

solution. The curves for the fluoride solutions are 
unusual in that they show maxima at a moderate 

current density. The maxima occur only for a 

limited range of fluoride concentration (from 0.8 

to 2.0 gjliter). Outside of this range the curves 

resemble those for the sulfate solutions, which 
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FIGURE 1. Effect of current density on the cathode effi­

ciencies of chromium deposition at 85° C. 

Standard, e; dilute, O. 

normally show a continuous increase of current 

efficiency with current density. Wick [36] how­

ever, reports that at 85° C a maximum efficiency 

is also found for sulfate solutions at a very high 

curren t density. (It may be noteo that a strike 

was necessary to obtain initial plating from certain 

of the flouride sclutions when a low current den­

sity was used. ) 

III. Deposition of Specimens 

For most of the measurements, the chromium 

was deposited on a copper tube, which was then 

dissolved out to leave a tube of chromium. The 

use of a tube has some advantages over a fla t 

specimen: (1) A more uniform current density can 

b e obtained on a tube, (2) the tubular specimen 

does not distort, when the base metal is di,ssolved 

away, because the stresses are evenly distributed , 

whereas a thin, flat deposit might curl or warp, 

(3) a thin walled tube can be handled more safely 

than a fla t specimen, because it has a shorter 

length of edge. Thin sh eets of chromium are 

quite fragile. 

The copper tube used as a base for th e chromium 

deposit had an outside diameter of about 5 mm 

(%6 in. ) and a wall thickness of 0.25 mm (0.01 in.). 

The outside of the copper tube was buffed to a 

bright smooth finish with Vienna lime. A sui table 

length, e .g . 20 to 40 cm (8 to 16 in .) was flattened 

34 

at each end and scaled. Stop-off lacquer was 

applied to the lower end for a distance of about 1 

cm and to the top for a distance of about 1 em 

both above and below the solution level. 

Th e deposits of chromium varied in thickness 

from 0.05 to 0.25 mm (0 .002 to 0.01 in.) , depending 

on the properties to b e measured. As the curren t 

density was sligh t ly higher at each end of th e tube 

than over th e remainder of the surface, about 

1 cm of th e deposi t from each end was discarded 

in preparing th e specimens for test. The copper 

was dissolved from th e inside of each tube by 

immersion in dilute nitric acid, or in a solution 

containing Cr03, 500 gjliter and sulfuric acid , 50 

g/liter . 

Spectroch emical analyses showed that the 

chromium deposits contained no more than a few 

hundred ths of a percent of foreign m etals. 

IV. Appearance and Structure of Chro­

mium Deposits 

Inasmuch as the surface appearance and micro­

structure of chromium have been extensively 

studied by previous investiga tors, and numerous 

photomicrographs are in the literature, no specific 

work on this phase of the subj ect was attempted, 

and our observations on th e structure were inci­

dental. However, a summary of the available 

information on th e structure of chromium is given 

here as a basis for discussions of its r elation to 

other properties. 

1. Macrostructure 

It is diffi cult to define th e appearance of the 

deposits in words. The terms used in table 1 have 

th e following meanings: A bright deposit is one 

that is both bright and smooth ; a milky deposit 

is semibrigh t and smooth ; a frosty deposit appears 

bright but slightly rough or coarse; a satin deposit 

is semibright and rough ; a matte deposit is dull 

and rough ; a spalled d eposit is one from which, on 

standing, small particles ar e spontan eously de­

tached, often a udibly (fig . 2) . 

Bright clu'omimn deposits have been of the 

most commercial value. The conditions for their 

production cannot be closely defin ed, b ecause they 

involve both temperatme and current density. 

It is customary to specify the conditions in terms 

of "a bright plating range" that shows the limits 
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FIGURE 2 . A, Chromium drpasit., shou;illg cracl; fanned 

after dissolving away the copper tube llpon which it had 

been plated; depostt obtained f rom the standard bath at 

85° C and 80 amp/dm2. B. spalled deposit obtained 

from a standm'd bath at 100° C and 80 amp/dm2. 

of curren t density and temperature. In the 

standard chmmium plating solution , con taining 

Cr03, 250 gjliter , and sulfate 2.5 g/liter, brigh t 

deposits arc usually obtained at cftthode cffieien-
I 
~ cies between 8 and 16 perccnt. At temperatures 

I above 75° C, it is doubtful if bright deposits can 

be obtained, even at high curren t densities. 

Milky deposits arc obtained at cathode efficiencies 

below 8 percent, and frosty or matte deposits 

above 16 percent. The data in table] show that, 

if the observations are not restricted to the stand­

ard solu tion, there is no close correlation between 

the appearance of the deposits and the con ditions 

of deposition. 

Bright chromium contains a network of hairline 

cracks and/or inclusions that are visible with low 

mao-nification or occasionally even to the unaided 
~ . . 

eye (fig. 3) . As the temperature of deposition is 

raised above 55° C, the deposits contain fewer 

cracks, and the matte deposits obtained at higher 

I temperature may be entirely free from cracks 

(fig. 4). Some of the matte deposits, however, 

~' oeca s ionallY develop a few very large coarse cracks 

when the base metal is stripped from them eGg. 2) . 

The deposits obtained at the higher temperatures 
I • 

I Properties of Chromium 

\ 

\ 
\'\ , \ 

\ 

\ 
Ft r. un I, 3. ! ncZ'usions in bright chromium, deposited at 

50 ° C, and 20 amp/dm2 lrom a standard bath, X 500. 

Elchocl wiLh hydrochloric acicl . 

afford better protection to steel in salt spray tests 

than the brigh t deposits because of the absence 

of cracks. 

The spalled deposits descri bed above (sec fig. 

2) do not appear to have been men tioned in 

the literatUTe previou ly. They are produced at 

relatively low current densi tie a nd at tempera­

tures of 5° C or above, under which cond itions 

the current effi ciencies arc jess than 6 percent. 

Crable 1; cieposits 29, 36, 37, 38 ). 

FIGURE 4. StTucture 01 chTomillm, deposited fr om the 

dilute bath at 100° C and 80 amp/dm2, X500. 

Etched with hydrochloric acid. 
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2 . Microstructure 

Chromium deposits are very fine grained . On 

the basis of X-ray data, the bright deposits have 

been estimated to have grains as small as 10-7 cm 

in diameter. It is generally held that the grain 

size of chromium is too small to be resolved under 

the microscope. Cymboliste [7] showed photo­

micrographs that he believed to show the presence 

of grains. The authors do not concur with his 

interpretation. In common with others, the 

authors have been unable to detect microscopically 

any grain structure in chromium as deposited, 

but have obtained well defined grains in chromium 

annealed in vacuum at 1,400° C. (fig 5). A 

similar result was obtained by Adcock [2J. In 

this photomicrograph, it will be noticed that the 

inclusions shown in figure 3 have coalesced into 

granular particles (probably of Cr203) situated 

mainly at the grain boundaries. In a preliminary 

examination of a chromium deposit with the 

electron microscope, at a magnification of 50,000, 

a photomicrograph was obtained showing light 

and dark areas, the meaning of which was not 

interpreted. Figure 6 shows the result obtained 

by transmitting the electron beam through a film 

of chromium about one-millionth inch (0.000025 
mm) thick. 

Ordinary electrodeposited chromium has a 

body-centered cubic cell. Several different in­

vestigators have measured the lattice parameter 

and obtained closely agreeing values of about 

FIGURE 5. Grain structure in the deposit of fig ure 2, after 

annealing at 1,400° C, X 500. 

Etched wi th hydrochloriC acid. ote particles of chromic oxidc at grain 
bonndaries. 

36 

FIGURE 6. Photomicrograph by the eiectromicroscope, 

X 50,000. 

Electron beam transmitted through a film of bright cbromium oue mil­
lionth of an inch thick. 

2.878 A. Under certain conditions of deposi­

tion, chromium can be obtained as a hexagonal 

close-packed modification [31]. Wood [38] has 

shown that the lattice of electrodeposited · chro­

mium is D.3 percent larger than that of annealed 

chromium. The interpretation of this expansion 

is not clear, as it may result from strains in the 

lattice or from the presence of dissolved hydrogen 

or oxygen. The bright deposits have a preferred r 
crystal orientation so that one set of the 111 

planes are parallel to the plane of the deposits 

[3, 40]. The condition of dull deposits may range 

from partially oriented to completely random. 

Hume-Rothery [40] correlated the crystal 'orienta­

tion of the deposits with their brightness, hardness, 

and stress, but did not discuss the reason for the 

relationships. We do not believe that crystal 

orientation is primarily responsible for the hard­

ness or stress in deposited metals, but that it 

is merely an attendant circumstance. The oxide 

content of deposits, which Hume-Rothery does 

not discuss, has a far greater influence on physical 

properties than crystal orientation . 

V. Hydrog en a nd Oxygen Content of 
Chromium Deposits 

Electrodeposited chromium contains appreci­

able amounts of hydrogen and oxygen. The 
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earlier investigator were interested in deter~ 

mining the amount of hydrogen in chromium 

because of the th eory, once prevalent, that the 

hardness wa caused by hydrogen. They did 
very little work on the determination of the oxygen 

content of the deposits, although at the present 
time this impurity is considered to have a large'r 

effect on the physical properties of electrodeposits. 

1. Methods of Determining Hydrogen and Oxygen 

Previous investigators determined the hydrogen 
in chromium by heating the deposit to different 

temperatures in a vacuum and noting the increase 
in pressure. Adcock [2J determined the oxide 

content of chromium by heating it to 00° C 

in a vacuum, and then dissolving the metal in 

hydrochloric acid. A residue of Cr203 was left 
that contained the oxygen originally present in 

the sample. Prior to the heat treatment the 
chromium dissolved completely in acid. 

Most of the data given in table 2 on the hydro ~ 

gen and oxygen content of chromium were obtained 
by the vacuum-fusion method, which has the 

advantage that the determination of both hydro­

gen and oxygen can be made on a single sample. 

For these measurements the authors are indebted 
to 1-1. E. Cleaves of the Metallurgy Division of 

this Bureau. Some oxide determinations were 

made al 0 by Adcock's method, and the results 
were found to agree well with those of the vacuum­
fusion method . 

The vacuum-fusion method [33) consists in 

heating a sample of chromium, about 0.5 g, in 

molten iron at 1,600° C. The iron is contained 

in a graphite crucible and, hence, is saturated with 
carbon. The apparatus is highly evacuated. 

The hydrogen is given off uncombined and the 
oxygen as carbon monoxide. The quantity of 

these gases is determined by noting the decrease 

in the pressure of the system when they are con­

secutively removed through oxidation and ab­
sorption. This method is not suitable for measur­

ing the amount of hydrogen existing in a deposit 

immediately after it is withdrawn from the bath , 
because about 3 hours of pumping at room tem­

perature is required to get the system outgassed 

before the analysis begins, and during this time 

some hydrogen may escape from the specimen . 
J, There is evidence, however, to show that chromium 

I does not rapidly lose its hydrogen at room tem­

I perature, and that there is no necessity for im-
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TABLE 2. H ydrogen and oxygen content of eleclrodeposited 

chromium 

De· 
pos· 

it 
No. 

Batb 

Tern. Cur· Cath· 
pera. rent ode Oxy. 
tUfe den· .effi. gen 

Slty ClCney 

Hy· 
dro· 
gen 

W eigbt 
ratio 

Volume 
hydrogen 
(p r vol· 
ume C r. ) oxygen 

toby· l - ~­

drogen To. 
tal Free a 

- -1---- - 1-- - - ---------- -

amp/ Per· 
0 0 dm 2 cent wt% wt % 

1 Standard ____ 30 5 9 0. 87 0. 029 30 23 0 
3 

_____ do ____ ___ 
40 15 17 .57 .065 52 24 

5 _____ do _______ 45 25 17 . 44 --- -. _-- -- . -- --- .--
8 

_____ do _______ 
50 20 15 .40 . 046 37 17 

12 _____ do _______ 
50 80 22 . 35 . 056 45 27 

14 
_____ do ____ ___ 

50 200 . 42 . 062 50 29 

18 _____ do ____ ___ 65 30 13 . 22 --.-- -- --- ---- - ----- --- .- -
19 _____ do ____ ___ 

65 40 14 . 22 . 033 26 15 

21 _____ do __ _____ 
65 100 16 .22 ------ - -------- ----- --- -- -

22 _____ do _______ 70 40 12 . 095 --.- .-. .-- -- --- ----- --- ---

26 _____ do _______ 
75 60 13 . 1l7 . 020 6 16 10 

30 
_____ do __ __ ___ 

85 40 . 082 -- ----- --- ----- --.-- - -- -- -
31 _____ do _____ __ 

85 60 10 . 053 ------- -------- ----- --- --. 
32 _____ do _______ 

85 80 11 . 052 .014 11 9 

33 _____ do _______ 85 120 12 . 031 ---- -- - --- ----- ----- --- ---
38 

_____ do __ _____ 
100 300 <4 . 024 . 130 0. 2 128 102 

39 High SO, ____ 80 10 . 050 . 014 11 9 

41 Dilute ___ __ __ 50 20 20 . 40 . 035 11 28 

42 __ ___ do _______ 85 20 15 . 044 . 012 4 10 

43 ____ _ do _______ 
85 80 18 . 113 . 017 14 8 

45 _____ do _______ 100 80 8 . 076 . 011 9 

48 Co n ce n -
trated _____ 50 20 .49 . 042 12 34 9 

5l Fluoride-I. __ 50 30 25 .51 . 035 15 28 2 

55 
_____ do _______ 

85 80 27 .24 . 034 27 15 

65 R educed _____ 16 11 22 .82 . 066 12 53 12 

66 TrivalenL __ _____ ______ ______ .54 .034 16 27 0 

- - --------- - 1---
Avg boO____ ______ ______ ______ _______ ____ ___ 8 ____ __ ____ _ 

• Calcula ted on basis of oxygen combining with hydrogen in weigh t ratio 

of 16, i. e. , as OH. 
b Experiments 1 and 38 excluded from average. 

mediate analysis of the sample. Makariewa and 

Biriihoff [26J found that a specimen of chromium 

that had stood 1% years had virtually the same 

content of hydrogen as one that was analyzed 
immediately. The data in table 3 show that 

specimens Band C, which were analyzed immedi­

ately after deposition, had about the same hydro­

gen content as specimens D and E, which had 
been allowed to age a few months. 
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TABLE 3.- Eif eels of standing or heating u pon the oxygen 

and hydrogen content of electrodeposited chromium 

[All deposi ts prod uced in the standard bath at 50° 0 and 20 amp/d lr.'] 

Oxygen I H y drogen 

Experiment 
W eight, w e igb t , \ Vol· 

% % ume' 

- -----------·-----1-------

T reatment 

A __ _________ . Copper stripped from chrom ium _. 0. 42 0.028 22 

B __ ______ . ___ As deposi ted, o n COppeL __________ .36 . 048 38 
C__ __ ___ ___ As depos ited , on s lrel . ___________________ _ . 044 35 
D _________ ___ Stood 2 m on t hs___________________ .43 . 044 35 
E ______ ._. ___ Stood 3 mon ths ______________ __ __ .39 . 046 37 

F _____ ______ . H eated at 200° C for 1 hour _____________ . __ .024 19 

G __ _ H eated at 300° C for 1 bOuL _______ . 47 . 018 14 
1'1. _ ______ H eated a t 350° C for 1 hOUL ______________ _ . 008 6 

L ____ . _. ____ H eated 3t 400° C for 1 hou r ___ _____ . 46 .005 

1._ IIeated a t 450° C for 1 hOUL _. ____________ _ . 001 
K . ________ IIeated a t 800° C for I hOUL __________ ___ _ _ . 002 
L . ___ . _______ H eater! a t 1,200° C for 1 hOuL ____________ _ . 002 

• Volume o f hy d rogen per v oln mc o f chromium . 

In some analyses the chromium deposits were 

allowed t o rem ain on th e copper tube upon which 

they h ad b een plated ; in others the copper was 

dissolved away with nitric or chromic acid. Ac­

cording t o Gern et's data [131 no hy drogen escapes 

from chromium during solu t ion of the copper. 

The single exp erimen t CA) r ecorded in table 3 in­

dicates some loss of hy drogen during th is r emoval 

of copper. 

2 . Effect of Temperature and Current Density on 

Hydrogen and O xygen Content 

The temperature of deposition of chromium 

has th e most importan t effect upon the conten t 

of oxygen in th e deposit , as shown in table 2 

and in figure 7. As the temperature of deposition 

is increased, th e percen tage of oxygen diminishes 

from 0.87 percen t for deposits pla ted a t 30° C 

to about 0.03 percen t for dep osits at 100° C. 

The hydrogen con ten t of the deposits show less 

regularity, b ut in gener al it parallels the oxygen 

conten t and decreases as the temperature of the 

plating solution is raised . T he hydrogen con tents 

of the deposits , with one exception , range from 

about 0.06 pcrcen t (50 volumes) for specimens 

plated at 50° C to about 0.01 percent (9 volumes) 

for deposits at 100° C. This general trend with 

temperature agrees with the findings of Gernet 

[13], but no t with those of Makariewa and Birii­

koff [261 who fou nd an increase in hydrogen for 

deposits plated between 30° and 60° C at 13 
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Standard , 0; dil ute, . ; concen trated, 0; fluoride, 6.. 

amp/dm.2 The effect of current density on th e 

oxygen conten t of th e deposits is surprisingly 

sligh t , inasm uch as one would expect more basic 

m aterial to be included in the deposits at h igh er 

curren t densities. The deposits ob tained a t 50° 

C, (table 2, deposi ts 8, 12, and 14) and at 65° 

C (deposits 18, 19, and 21 ) show vir tually no 

increase in oxide content as th e curren t density 

is raised from 20 to 200 amp/dm. 2 At 85° C, 

over th e range of current density from 40 to 120 

amp/dm2 (deposits 3 1 to 33) , the oxygcn conten t 

decreases. 

The hydrogen content of the deposits incr eases 

mod erately with current density, as indicated by 

deposits 8, 12, and 14 prepared at 50° C, and 

42 and 43 prepared at 85° C. This is in gen eral 

agreem ent with the results of 11akariewa and 

Bir ukoff , who analyzed deposits p lated at 45° 

C and found th at t he hydrogen increased from 

30 volumes to 48 volumes as the current density 

increased from 3 to 120 amp/dm2 ; bu t th e ch ange 

was slightly between 25 and 120 am p/dm 2• T he 

gen eral conclusion from this work, and that of 

Gernet [1 3] is th a t th e hydrogen conten t, like the 

oxygen content of chromium ch anges only sligh tly 

with a several-fold cb a nge in CUl'ren t density. ,:' 

The data in table 2 as a whole show no relation 

between cathode current efficiency and oxygen or 
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hydrogen con ten t . For example, at a curren t 

effieieney of 15 to 17 percent, deposits can be 

ob Lained ranging in hydrogen content from 0.01 

to 0.06 percen L and in oxygen content from 0.04 to 

0.6 p Ol·cen L. H owever , if the variables of plating 

arc mor (' l"(' t ricted, the conten t of hydrogen and 

oxygen in the deposit is found to increase with 

eLlIT(' nt (' ffi ciency . This is illustrated by deposits 

32, 39, 43, and 55 all pla ted a t a current dcnsity 

o[ 80 amp/dm2 and a t cmperature of 85° C but 

from solu t ions of differen t compositions. As th e 

caLhode current efficiency rises from 10 to 27 

percent, the hyd rogen con ten t increases from 

0.014 percent (11 volumes) to 0.034 pOI·cen t (27 

volumes) and th e oxygen content from 0.05 to 

0.24 percent. One migh t have expected a high er 

hydrogen contcn t at low curren t efficiencies, 

becau e a larger excess of hydrogen is produced. 

Th(' con ten t of hydrogen in deposit 38, table 2, 

is abnormally h igh. This deposit was one of those 

t hat spallcd. I t secms likely that the spalling is 

the result of a high internal pressure generated by 

the large excess of hydrogen . The phenomenon is 

similar to the blis tering of ni ckel foil tbat occurs 

when hydrogen is ca thodically discharged upon it 

(28). 

3 . Removal of Hydrogen from Chromi urn by 

Heating 

The evidence ci ted above, in connection wiLh the 

discussion of analy tical methods, shows that at 

room temperatme hydrogen docs no t readily leave 

the deposit, but that it readily leaves when the 

deposit is heated . The determina tion of the 

qua nti ty of hydrogen expelled from chromi um at 

varions temperatures has been th e subj ect of 

investigations by Guichard [16), M akariewa and 

Birukoff [26), and Gem et [1 3), all of whom were 

in terested in the r elation between hydrogen con­

ten t and hardness of the deposit. In our study of 

the hydrogen con tent, specimens of chromium were 

sealed in evacuated tubes and heated, and the 

resid ual hydrogen in the deposit was determined 

by the vacuum fusion method. This latte r pro­

ced nrc has the disadvantage, as compar ed to the 

vacuum extraction method of the other investi­

gators, that a .separate specimen must be used for 

each Lemperatme investigated. 

The data obtained by the vacuum fusion 

method are shown in table 3, and are plotted in 

f~ gll r e 8, along wi t h data from the work of Gui-
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chard [16) and M akariewa [26). The main fea­

tures of the exp ulsion of hydrogen from chromium 

arc tha t the hydrogen escapes grad ually as tho 

temperature is raised , until at about 400° C vir­

tually all of the hydrogen has been removed . I t 

is to be no ted that only a cer tain proportion of the 

hydrogen escapes at a given temperature. H old­

ing the cl1Tomium at a given temperature for un 

indefini te period apparently will not cause a fur­

ther appreciable loss of hydrogen. Guichard 

heated his specimens for as long as 3 days to ob tain 

the maximum removal of hydrogen , bu t his curve 

is no t far cI ifferent from that of M akariewa and 

our own curvo where the hea ting was only of 1 

hour 's dura t ion . 

H ydrogen is expelled from chromium as the free 

elemen t and not as water. This bas been shown 

by analyse of t he evolved ga by M akariewa and 

Guichard [26, 16) and by the fact Lhat th e oxide 

con ten t of chromium docs no t cbange as a resul t 

of heati ng. E vid ence for the lat ter is that the 

method of Ad cock, whi ch involves heating the 

specimen to a high temperature before analyses, 

o· ives the same oxid e content as the vacuum fu ion 

method . The data given in table 3 for specim ens 
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heated to different temperatures show the same 

oxygen content. 

TABLE 4. Hydrogen and oxygen content of electrodeposited 

metals' 

J 
B Vol· 
10 ume 
" hydro' .. 

~ 
~IO gen 
o~ (per 

Deposit Bath type :e OJ 
00 vol. .- ... 

metal) .a " 
~"1:l 

"1:l g e~ 
~ 

~ 10 .. ~ 

~ " 8 .c D 

8 ~ .. 
"1:l 

.. :& " » '03 
'" '" " 

» 0 ~ 
E-< D 0 ~ ;:: E-< '" ------- - - -

°0 amp!dm' wt,% wt.% 
NickeL ..... ... .. Watts' pH 5.2. 30 2 0. 004 0. 0017 2 1.7 1 

Do ...... ..... Watts' pH 5.8. 30 2 .021 . 0060 4 6 5 

Do ...... . . ... High sulfate, 30 2 . 014 . 0053 3 5 4 

pH 6.6. 

Nickel· tungsten Ammoniacal. . 90 2 .006 . 004 2 4 4 

(5% W ). 

Nickel·tungsten .. . .... do .. __ ..... 30 2 .360 . 042 9 42 20 

Cobalt ........... Chloride, pH 4 30 2 . 049 . 004 12 4 1 

Cobalt · tungsten Ammoniacal 90 2 . 084 . 011 8 11 6 

(14% W). tar trate. 

Cobalt· tungsten ..... do ........ . 25 2 1.14 . 064 18 64 6 

(22% W ). 

Cobalt· tungsten ..... do __ ....... 90 5 0. 165 . 014 12 14 4 

(18% W). 

Cobalt· tungsten ..... do ..... __ .. 90 2 . 087 . 008 11 8 3 

(25% W). 

Cobalt· tungsten ..... do ......... 90 2 064 . 009 7 9 5 

(23%W). 

Cobalt· tungsten Ammoniacal 90 2 . 430 . 027 16 27 0 

(42% W ). citrate. 

Cobalt· tungsten .. . .. do ....... __ 90 2 . 177 . 012 15 12 1 

(29% W). 
Iron .... .......... Ferrous chlor· 95 10 . 020 . 001 20 1 0 

ide. 

Iron tungsten Amm oni acal 90 3 . 043 . 002 22 2 0 

(50% W ). citrate. 

- ------- - - -
Avg .......... - --- - -- --- - -- --- ---- --------- ------ ------ 10.5 - --- ... 

• D ata in this table taken from a paper on the electrodeposition of tungsten 

alloys now in course of publication. 

b Calculated on basis of oxygen combining with hydrogen in weigh t ratio 

of 16, i. e., as OR. 

4. Form and Distribution of Hydrogen and Oxygen 
in Electrodeposits 

The form and distribu tion of the hydrogen and 

oxygen in clU'omium are subjects for speculation, 

as neither metallographic nor X-ray studies have 

thrown much light on tIlls point. Because the 

role played by these elements is so important in 

determining the properties, not only of chromium, 

but also of other electrodeposits, the subject will 

be discussed in some detail and pertinent data 

concerillng other electrodeposits will be introduced. 

The most plausible explanation for the inclusion 

of oxygen in electrodeposits is the formation of 
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basic compounds in the cathode layer, the pH of 

which is always higher tha.n that of the body of 

solution. These basic compounds may be adsorbed, 

or deposited as charged colloidal particles, on the 

cathode where they interfere with grain growth 

in the same manner as addition agents, and thus 0 
cause the formation of small crystals, which are 

characteristic of chromium deposits. From its 

interference with grain growth, it seems likely that 

the basic impurity woald be concentrated on the 

surface of the grains in a finely dispersed form. 

There is not much evidence on the nature of 

the basic compound present in electrolytic chro­

mium. The suggestion' that the oxygen content 

of chromium comes from plating solution that is 

trapped in cracks is untenable. Adcock found 

no traces of chromates on extracting a deposit 

with water. Furthermore, the high-temperature 

deposits have no cracks with which to trap solu­

tion, and yet they contain oxide. The best 

evidence on the nature of the oxygen compound 

in chromium comes from the work of Cohen [6], . 

who isolated films of a basic material, from 

chromium deposits by a process of electrolytic 1 
etching. This material came mainly from the 

cracks and inclusions, but accounted for less 

than a tenth of the oxygen that was probably 

present in the deposit. The bulk of the basic 

compound, therefore, must be very finely dispersed, 

but there is no reason to expect . that it would 

differ in composition from the material isolated 

by Cohen, which was found by analyses and 

X -ray examination to be chromic oxide. It is 

very likely a hydrous chromic oxide, Cr20 3.nH20, 

as anhydrous chromic oxide is not soluble in 

acids, and it is known that chromium deposits 

dissolve completely in dilute hydrochloric acid. 

It may be noted that chromic hydroxide, Cr(OH)s, 

does not exist [35] . 

To determine the state in which hydrogen 

exists in chromium requires a more extensive 

examination of the evidence than was necessary 

for oxygen. As hydrogen is given off as the 

free element when cruomium is heated, most of 

the investigators of the hydrogen content of 

chromium have tacitly assumed that all of the 

hydrogen was present as the uncombined element. 

This conclusion is contradictory to the idea, just 

outlined, that the basic materials that are adsorbed 

on the cathode are either hydroxides or hydrous 

oxides. It is unlikely that oxides can separate 
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from a water solution without carrying along basic 

OH groups or adsorbed water. The evidence to 

be cited here indicates that part of the hydrogen 

is combined with oxygen in basic compounds, 
and that the remainder exists as the free element. 

The rea ons against the belief that all of the 
hydrogen is present 'as the free element will be con­

sidered fir t. Martin [25] has shown that the 

equilibrium solubility of hydrogen in chromium is 

very small, probably about 0.00001 percent. 

Therefore, the gas cannot be in true solution in 

the chromium .. It might be assumed that all of 
the hydrogen is present in chromium in the same 

condition that it is present in cathodically treated 

iron or nickel (for example between slip planes). 
However, if this were the ca e, most of the hydro­

gen would gradually e cape on standing or gentle 

warming, as it does from iron and nickel, whereas 
it is till present in chTomium after many months. 

The best evidence that the o:xygen is combined 

with part of the hydrogen comes from chemical 
analyses, which show that a simple relation exists 

between the amount of hydrogen and oxygen in 

mo t electrodeposits. Previously, sufficient data 

on the content of hydrogen and oxygen in electro­
deposits have not been available in the literature 

to permit drawing conclu ions. In addition to the 

data for chromium in table 2, data are given for a 

variety of electrodeposits in table 4. 
The data in tables 2 and 4 as a whole show that 

the weight ratio of oxygen to hydrogen varies from 

2 to 22, with an average of 10. The average ratio 
is 8 for the chromium deposits and 11 for the 

others. The majority of deposits have a ratio 

between 8 and 12. It is surprising that the ratio 

should be so similar for solutions differing as 
widely in type as hexavalent and trivalent chro­

mium solutions; moderately acid nickel, cobalt , 

and iron solution ; and ammoniacal alloy solu­

tion. The range of oxygen content for all of 
these deposits is from 0.004 to 0.8 perccnt, a 200-

fold variation. The range of hydrogen content 
I is from 0.001 to 0.05 percent, which is a 50-fold 

variation. If the oxygen and hydrogen contents 

were entirely unrela ted, their ratios might vary 

several thousand-fold. The r elatively small var­

iation of the ratio is strong evidence that the 
oxygcn is combined with the hydrogen in electro-

T deposits. 

It would be of interest to determine the propor­
tion of frec and combined hydrogen in electro-
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deposits, but in general we do not know the com­

position of the basic inclusions. The ratio of oxy­

gen to hydrogen could vary from for water, 15 

for OH groups, to 32 for material such a basic 
chromium chromate. To estimate the upper limit 

of the content of free hydrogen in electrodeposits, 

it will be assumed that the oxygen is combined 
with hydrogen in the weight ratio of 16, and that 

the remainder of the hydrogen is free. On this 

assumption, it is found that the content of free 

hydrogen in electrodeposits other than chromium 
is less than 6 volumes (0 .006 %) and is usually 

less than half of the total hydrogen present. The 

excess of hydrogen in most chromium deposits is 

less than 15 volumes. 
One difficulty yet to be explained is why, on 

heating, all of the hydrogen is expelled from chro­
mium in the free state, instead of partly as water 

produced by the decomposition of basic material. 

Thermodynamic calculations (made by D. D. 
Wagman of this Bureau) show that water vapor 

will react with chromium or iron at 100 0 0 to yield 

hydrogen, and hence no evolution of water should 

be expected. The ratio of the partial pressures 
of hydrogen to water at 100 0 0 in the presence of 

chromium is 1015, and in the presence of iron, 102, ' 

which indicates that the formation of hydrogen 
from water by chromium is very greatly favored. 

In thi connection, the curve marked" Or20 3" in 
figure 8, representing the loss of water from hy­

drous chromic oxide (containing 3 to 5 molecules 

of water), i of interest. Not only is the curve 
similar in shape to that for the removal of hydro­

gen from chromium, but the temperature at which 

all the water is driven off is the same as that at 
which all the hydrogen is expelled from chromium 

(about 400 0 0 ). Thi may be only a double coin­

cidence, but it suggests that the expulsion of hy­
drogen from chromium on heating involves first 

a liberation of water vapor from the inclusions of 

hydrous chromic oxide. 

VI. Density of Chromium 

The density of electrodeposited chromium has 

been determined previously by a number of in­
vestigators, but no systematic study has been 

made of the effect of the conditions of deposition 

on the density. The density of chromium is not 

of interest in itselt, but if it can be correlated with 

other properties, it may throw light on the struc-
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t ure of the deposit. The increase in density of 

chromium on heating is of par ticular interest. 

The density of chromium was measured at 28° 

C by the method of loss in weight, u s ~n g tetra­

bromoethane (density 2.96). The density of 

chromium, calculated from the value of its cell 

parameter , 2.878 A, for a body-centered cube, is 

7.20 g/cm3 • The data in t able 5 indicate that the 

density of clectrodeposited chromium is, 'with a 

few excep tions, less than that of pure annealed 

TAB LE 5. Density of electTode posited chTOmiu1n 

D ensity 

De· Tern· Heated 1 a Cor-
pos· 

Bath pera · Current As bour reeted it density 
No. ture de· for 

I'os· ox ide 
ited 450° 1,2000 con· 

C C tcnt 

- _. ----- -------
°c amp/dm2 u/cm3 u/cm3 u/cm3 u/cm3 

1 Standard -------- -- ---- 30 5 6. 90 7.08 7. 12 7. 19 

2 _____ d o ___ . _____________ 30 10 6.92 ------ ------- -------

3 _____ do ______ . __________ 40 15 6.94 7. 10 7. 13 7. 18 

6 ____ . do __ __ ______________ 50 5 7.06 7.12 7. 17 

7 _____ do __________________ 50 10 7.06 7. 17 

8 _____ do __ . ______________ . 50 20 7. 05 7. II 7. 15 7. 18 

9 ____ . do _. ___________ ___ __ 50 30 7. 01 7.10 7. 14 

10 _____ do. ___ _____ __ ___ . ___ 50 40 7.01 7.11 7. 14 

11 _____ do _. ________________ 50 60 6.98 -- - --- ------- -------
12 _____ do ____ ._ . ___________ 50 80 6. 99 7.10 7. 13 7.W 

14 ____ _ do __ ________________ 50 200 6.99 ------ ------- -- -- ---
19 .. ___ do ________ ._ . _______ 65 40 7. 11 7. 14 7. 17 7.19 

26 _____ do ___________ ___ _ . __ 75 60 7. 17 7.1[; 7. 19 7.20 

32 _____ do __ . _______________ 85 80 7. 17 7.20 7. 19 7. 20 

35 _____ do ____ . _____________ 90 80 7. 10 7. 18 

36 _____ do __ ____ . ___ . ___ ._._ 95 80 7.03 7. 19 

37 _____ d o __________________ 100 80 7. 04 7. 16 

40 Dil ute __________________ 50 10 7.02 ------ ------- -- ---- -
41 _____ do __________ . _____ ._ 50 20 7.01 ------ --.----
42 _____ do ______ . __ . ________ 85 20 7. 18 7.18 7.19 

43 _____ do __________________ 85 80 7. JG 7. 19 7.20 

45 _____ 00 __________________ 100 80 7. 20 7. 19 7.20 

46 . ____ do ----------------- 100 lIJO 7. 21 7.22 

48 Concentrated ___________ 50 20 7.07 --- --- --.---- -------

51 Flouride·L _____ __ . ___ ._ 50 30 6.98 ------ 7.09 7.14 

52 _____ do . _________________ 50 40 i.05 ------ -----.- -------
53 ____ do _. _______ -------- 85 20 7. 18 ------ ------- ---- ---
55 --- do ___ -------------- 85 80 7.14 7.18 7. 20 

57 Flouridc-3 __________ . ___ 85 20 7. 18 ------ 7.21 -------

58 Flouridc-4 ------.----- 85 20 7.17 ------ ------- --- -- --
63 Flour ide-5 ------------- 85 60 7. 18 ------ -------
64 Flollride-6 ----------- 85 80 7. 15 

66 Triva lent . _____________________________ 6.97 ; . 14 7. 19 

I 

• D ensity o[ deposits heated to 1,200° C, corrected [or oxide content, assum· 

ing the oxide to be Cr,03. 
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chromium, and varic"S with the condi tions of 

deposition, from 6.90 to 7.20 g/cm3, a range of 

abou t 4 percent. 

1. Factors Affecting Density 

The density of a deposit is lowered by a number 

of factors, such as conten t of oxygen and hydrogen , 

cracks and inclusions, and strain s. The eurve in 

figure 9 illustrates the increase in density of 

chromium as the oxygen conten t decreases. F igure 

18, b , shows that the density decreases as the cur­

rent density is raised. As the deposits obtain ed at the 

lower temperatures h ave cracks and /or inclusions, 

they have a lower density than those deposited 

a t elevated temperatures, which are relatively 

free from these defects. E xcep tions to this state­

ment are the spalled deposits, such as 36 and 37 

(table 5), which had an abnormally low density, 

as might have been expected from their lack of 

soundness. 

Cold-worked metals have a lower density than 

annealed metals because of internal strain repre­

sented by a dis tortion of the space lattice. Be­

cause electrodeposited metals are, effectively , in 

a more severely cold-worked state than an ordinary 

cold-worked metal , i t might be assumed that 

their density would be affected . However , the 

effect of cold work on the density of m etals is 

quite small [10, p . 1371 , usually less than 0.1 per­

cent. If the lattice expansion of 0.3 per cent (as 

compared with clu'omium annealed a t 1,500° C) 

observed by Woods [38] for bright chromium 
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'were all aLt l'ibuLed to inLernal strain , this would 

cO l'respond to a lO\H'l'ing of the density of chro­

mium by only 0.02 g/cm 3. 

2. Effect of Annealing on Density 

The density of chromium increases on anneal­

ing, as shown in table 5. This change in density 

\\·asfirst observed by Hidnert [15] and J enicek 

117] in Lhe form of a eontraction of a chromium 

tube on heating. J enicek showed, and we have 

confirmed his observation, that the eon traction 

of chromium occurs uniformly in all dil'ections. 

Becau e the dimensional changes are isotropic, 

i t was found simpler to follow' them by measuring 

t he change in density ins tead of the contraction. 

The change in d ensity on heftting is gradual. 

For those deposits that undergo a large change in 

density on heating, most of the change occurs 

I below 450° C. Tilis indicates that the expulsion 

of the hydrogen must be responsible for a large 

part, but not necessarily all, of the increase in 

I d ensity. The density of most deposits after 

a nnealing at 1,200 ° C is stil l below 7.20 g/cm 3, 

the value for pure chromium. How ever , if a 

I correction is m ade for the presence of C1'20 3 (last 

column of table 5) the density of chromium is 

found to be between 7.18 and 7.20 g/cm3• Ap­

parently at 1,200° C most of the cracks and defects 

in chromium are eliminated by sintering. 

VII. Hardness of Chromium Deposits 

Hardness is the physical property of chromium 

I of most practical importance. It has, therefore, 

been the subj ect of co nsiderable study, not only 

I because of this, but also because of the theoretical 

interest in the great difference in hardness between 

electrolytic and cast chromium. If the hardness 

I of cl1l'0mium is correlated with other properties, 

it may serve to define the general character of a 

deposit. 

II The hardness of chromium was measured on a 

polished cross section of a deposit plated on a 

I copper tube. The t hickness of the deposit varied 

from 0.075 to 0.25 mm (0.003 to 0.01 in. ) . A few 

check measurements showed that the same hard­

I ness was obtained on the cross section as on t be 
I 
surface parallel to the cathode. The hardness was 

measured with a Knoop diamond indenter , using 

Iload up to 500 g. 1/10st of these measurements 

Iproperties of Chromium 
I 

were made by Irene C. Minor of th e ;'[eLallul'o·y 

Division of this Bu reau . 

The data ill table 6 show that the ha rdness of 

chromium may vary from 300 Knoop Lo 1,000 

Knoop , depending on the conditions of deposiLion. 

III comparison, the hard ness of cast clll'omium has 

been given as ranging from 70 Brinell to 130 

Brinell. 

De­
posit 
No. 

8 

9 

10 

Jl 

12 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

~ G 

27 

28 

29 

30 

3 1 

32 

33 

35 

36 

37 

39 

41 

42 

43 

45 

48 

50a 

TABL E 6. Hardness of electrodeposited chromium 
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Dilute .. __ .. __ . ___ . ________ ._. _ .. _ 
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Co ncentra ted ____ .. _ ... _ .. _. _______ 

Fluoride ___ . _ ... ___ . _____ ........ _. 

Temper- Current H ard-
ature density ness 

o C. amp/dm 2 Knoop 
30 5 985 

30 10 960 

40 15 90., 

45 25 900 
50 920 

50 10 960 

50 20 920 

50 30 940 

50 40 880 

f>O 60 880 

50 80 875 

50 200 750 

60 40 745 

65 10 600 

65 20 625 

65 30 00 

65 40 975 

65 80 825 

65 100 925 

70 'JO 600 

70 80 875 

70 ]00 870 

75 .50 580 

75 60 685 

75 80 885 

75 100 650 

85 20 325 

85 40 425 

85 60 '175 

85 80 550 

85 120 550 

90 80 5i 5 

95 80 525 

100 80 670 

85 80 625 

50 20 900 
85 20 325 

85 80 500 

100 80 310 

50 20 675 

85 60 885 
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TABLE 6. Hardness of electrode posited chromium-Con. 

De· 
posit 
No. 

Bath 

51 Fluoride·L . ____ ____________ .. _____ _ 
53 _____ do ____________________________ _ 
54 _____ do _____________ _________ ______ _ 

55 _____ do ____________________________ _ 

63 Fluoride-5 ________________________ _ 

Temper· Current Hard 
a ture density ness 

---------
o c. amp/dm' Knoop 

50 30 900 

85 20 4iO 

85 40 836 

85 80 BOO 

85 60 445 

66 'frivalenL___ ______________________ ________ __ __ ______ __ 710 

1. Effect of Temperature and Current 
Density 

In general softer deposits are obtained at low 

current densities and at elevated temperatures: 

This simple statement will require considerable 
modification and restriction in the light of the 

following discussion. 

At a given temperature, deposits of a con­
siderable range of hardness can be obtained by a 

suitable choice of both composition and plating 

conditions. Thus at 65° C, the hardness may vary 

from 600 to 825 Knoop. (Table 6, deposits 16 and 
20). However, if the optimum conditions for pro­

ducing soft deposits are selected for each tempera­

ture, a softer deposit can be obtained at an elevated 
temperature than at a lower temperature. As 

shown in figure 10, there is a fairly well defined 

100 0 
~ VI II !§I/ .V} 0 

..n so-J 

lower limit to the hardness at each temperature 
but not an upper limit. Almost as hard a deposit 

can be obtained at 70° C as at 50° C, but such hard 

deposits are not obtainable at still more elevated 
temperatures. 

If the deposit obtained from the "standard" 
plating solution are considered, more specific 

effects of temperature and current density on hard­
ness are apparent. This is shown by the curves in 

figure 10, b. Cymboliste [7J, and Hume-Rothery 

and Wylie [40] have also studied the effect of tem­
perature and current density on the hardness of 

deposits from the standard solution. Curves 

from their papers are shown in figures 11 and 12 

and they show that at a given current density the 

hardness of the deposit reaches a maximum at a 
certain temperature. If the conditions of plating 

were to the left of the maximum, then an increase 

of temperature would result in a harder deposit, 
and an increase of current density in a softer 

deposit. These effects are opposite to the general 

trends mentioned at the start of this discussion. 

Cymboliste and Rume-Rothery differ as to the 
temperature at which the maximum hardness 

occurs. Cymboliste's curves show the maximum 

to be at 50° C for all current densities, whereas 
Rume-Rothery's reports show that the maximum 

is at a different temperature for each current. 

density. Our data in figure 10, h, confirm the ob­

servations of Cymboliste, i. e., the curve represent-
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30 40 50 60 70 

TEMPERATURE °c 
FIGURE 11. Cymbo/iste's data [7], showing the effect of 

temperatm'e of deposition on the hardness of chromium 

deposits. 

Values on the ClU'VCS are in amp/dm' . 

ing the hardness of the 50° C deposits, is above the 

curves for the deposits plated at other tem­

peratures. 

It will be noted from figure 10, b, that the curves 

of hardness plotted against current density do not 

show the maxima characteristic of figures 11 and 

12 in which hardness is plotted against temper­

ature. The trend of hardness with current density 

I is downward at 50° C and upward at more 

elevated temperatures. It is likely that all the 

I curves would show the downward trend if the 

I observations were extended to very high current 

I densities. , 

2. Effect of Composition of Bath 

I As compared with temperature and current 

I density, the composition of the plating solution 
I 

has only a minor effect of the hardness of deposits. 

Cymboliste found that softer deposits are obtained 

I from solutions high in chromic acid. lOur data do 
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FIGUR E 12. fIume-Rothery's data, showing the effect of 

temperattlre of deposition on the hardness of chromium 

deposits. 

0,1,750 amp/ft'; 0, 1,000 amp/It'; 6, 500 amp/ft'. 

not indicate any such definite trend . In deposits 

8 and 48 (table 6), the deposits from the stronger 

solution is softer, but a comparison of 29, 32, and 

37, respectively, with 42, 43, and 45 shows that 

the change is either slight or in the opposite 

direction. The data on deposits from solutions 

containing fluorides indicate that these deposits 

may be harder than those from the sulfate solu­

tions. (Compare deposits 29, 30, 31, and 32 with 

53,54, 50a, and 55, respectively). 

3 . Effect of Heat Treatment of Chromium 

Chromium softens on annealing at high t emper­

atures. Several investigators have shown that 

chromium does not begin to soften until the 

temperature of annealing is carried above 400° C. 

The curves in figure 13 show that the hardness of 

all types of deposits drops to 200 to 250 Knoop 

after annealing at 1,200° C for 1 hour. 

4. Relation Between Hardness and Oxygen 
Content 

The oxygen content of chromium is one of the 

most important factors affecting its hardness. 

The data illustrated in figure 10, c, (for all types of 

deposits) show a definite trend of hardness with 

o}..rygen content, but no very precise relationship, 
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as other factors besides oxygen content influence 

the hardness. According to figure 10, c, if the 

oxygen content of the deposit is above 0.12 per­

cent, the deposits have a hardness ranging from 

650 to 1,000 Knoop, and if below 0.12 percent the 

h ardness ranges from 625 down to 325 Knoop. It 
is to be noted that deposits having about the same 

oA'Ygen cont~nt may vary 200 points or more in 

hardness. 

5. Cause of the Hardness of Chromium 

The cause of the great hardness of electro­

deposited chromium, as compared with cast chro­

mium, has been the subj ect of considerable 

speculation and study . At one t ime it was 

believed that the hardness of chromium was 

caused by the presence of hydrogen, but this 

explanation is no longer tenable for several rea­

sons. The work of Guichard and of Makariewa 

is perhaps the most conclusive, as they showed 

that virtually all of the hydrogen can be removed 

from chromium at a temperature of 400 0 0 with­

out the chromium howing any appreciable sof­

tening (see fig. 13). Furthermore, no relation 

was found between t h e hydrogen content of a 

chromium. deposit and its hardn ess. An attempt 

has been made recently to revive the hydrogen 

theory in another form. It is suggested that dur­

ing deposition, hydrogen enters the chromium 

lattice and then escap es, leaving the latter in a 
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state of strain that results in increased hardness. 

On this basis, the hardness of chromium is to be 

attributed, not to the hydrogen that is present, 

but to the hydrogen that has escaped. There is 

no direct evidence to support this view. Ohau­

dron and Moreau [5] found a relatively slight 

hardenulg of iron on cathodically charging it with 

hydrogen ; hence, it is not likely that the strain 

produced in this way could explaul the great 

hardness of chromium. 

Hume-Rothery found a correlation between the 

hardness of chromium deposits and their degree / 

of crystal orientation. According to hUn, the 

brightest deposits are also th e hardest and have a 

preferred crystal orientation, whereas the matte 

deposits have a random orientation and are 

softer. Howevrr, as he does not show why a pre­

ferl'ed orientation should cause a high hardness, 

it is difficult to explain the hardness of chromium 

on this basis. 

The hardness of chromium is probably the 

result of three factors: oxide inclusions, small 

grain size, and internal stress, of which the first 

two factors are probably the most important. 

The effect of small grain size and in ternal stress 

in increasing the hardness of a metal is well known 

in general metallurgical practice, but not com­

pletely understood. Ohromium deposits have 

been shown by X-ray studies to have a small 

grain size and a high internal stress . The fact 

that chromium does not soften appreciably unless 

annealed at relatively high temperatures indicates 

that the internal stress is not an important factor 

in its hardness, because the effects of an internal 

straul, such as are produced by cold-work, are 

usually removed by annealing at a relatively low 

temperature. 

The idea that oxide inclusions were responsible 

for the hardness of electrodeposits was first brought 

out by MacNaughton [23], but, the manner in 

which the inclusions produce hardening was not 

discussed . Nonmetallic inclusions in a metal do 

not necessarily cause hardening. D esch [8] has 

made the suggestion, without any fmther elabora­

tion, that the oxide inclusions in electrodeposits 

produce hardening in the same manner as the 

precipitated material does in an age-hardened 

alloy. In precipitation-hardening, a second phase, 

consisting of microscopic or even submicroscopic 

particles, precipitates at the grain boundaries and 

between the slip planes and causes hardening by 
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interfering in some mann er with the motion of the 

lip planes. Th e p rec ipitated material must be 

present in suffi ient quantity and be of a cer tain 

critical size; if too coarse or too fin e, an increased 

hardness cloes not develop . The phenomena of 

precipi Lation-hardening may explain how the oxide 

content of chromium affects its hardness. If the 

oxide is ina suitably fin e degree of dispersion, as 

must b e the case in the bright deposits , it inter­

fer es with the movement of slip planes and pr o­

duces a high hardness. If the oxide is in a coarse 

dispersion, as in a burnt deposit, the hardness 

will be low, even though the oxide con ten t may 

be high. Hence, a simple precise r elation between 

oxide content and hardness does no t exist. As a n 

example, the chromium-iron alloy deposits in 

tablc 10 have a very hi gh oxygen contrnt but a re 

rclati vely soft. 

The effects of heat t reatment on the hardness 

of chromium can also be explained on the bas is of 

precipitation-h ardening. To the extent that the 

p recipitated material is r esistant to agglomeratio n, 

age-harden ed alloys maintain briter their hardness 

at elevated temperatures and show a higher r c­

crystallization temperature [30]. The oxide dis­

persion in chromium seems to be stable, as iL is 

only in specimens that havc bee n h ea ted to ] ,200 

or 1,400° 0 that the oxide can be seen under Lhe 

micro cope. The softness of chromium that ha 

been h eated to 1,200° 0 is explained by the 

agglomeraLion of the oxide inLo coarse par ticles 

[fig. 5], in which condition they no longer interfere 

with slj p planes. 

6. Machinable Chromium 

The production of a machinable chromium pla te 

may be of interest for special commercial 'applica­

tions. Gal'dam [12] described a plating solution 

that ,,-ould yield a soft chromium of this type 

having a hardness of about 350 Vickers. It 
consistrd of a standard type chromi um plating 

solution to which iron, aluminum, or chromium 

had b een added , as oxides, to the extent of about 

25 g/liter , for' the purpose of improving th e cathod e 

current efficiency. The deposit was plated at 

85° 0 and 20 amp/dm.2 vVe have found that an 

equally soft deposit may be obtained from a 

simpler plating solution, containing only 0 1'03 , 

50 glli ter; and S04, 0.5 g/liter (table 1; deposi t 

42) . :B urthermol'e , the cathode current eff-tciency 

of this solution, at 85° 0 and 20 amp/clm 2 is 15 
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percent, as compared with 8 percent ror Card rn 's 

solution. 

A drill rod was p lated with chromium from Lhe 

dilute solution, and the coating was mach i ned 

with an ordinary high-speed tool. It machined 

readily , although some dulling of the tool took 

place, and there was a tendency for the chromium 

to chip. The same clU'omium deposit, when 

annealed at 600° 0 for an hour, machined more 

easily , but the deposit was cracked as a r es ul t of 

the heat treatment. 

VIII. Tensile Strength, and Young's Modu­

lus of Elasticity 

). General 

A knowledge of ' the mech anical properLi es of 

chromium mi ght enable one to decid e upon the 

applicability of chromium fo/' a giyen enginee ring 

use. Fo r example, information on the Lensile 

s trength a nd Young 's modulus of elasticity would 

enable one to calculate the extent to which a 

p lated articl e could be b ent or flexed without 

cracking the coating. As will be shown, measut'C­

m en t of th e mrchanical properties of th e as­

deposited metal cl oes no L yield the true physical 

co nst:wts, bu t value that ar e depend ent on the 

so undness of the maLerial. Such measurements 

may give an indication of the rela tive so undness 

of cli(TerenL Lypes of deposits. 

A survey of the literature showed 110 previous 

m easurements of the tensile strength or modulus of 

clu·omium. The measurem ent of these properties 

is difflcult , as chromium is ve ry brittle and cannot 

b e g ripped readily in a testing machin e without 

cracking. The preparation of test specimens 

with standard dimensions would involve th e pla t­

ing of very thick deposits, which would r equire an 

inordinate period of time. Subsequent machining 

would b e r equired , whi ch is quite difficult to 

perform because of the hardness and brittleness of 

clU'omium. To expedite the preparation and 

testing of chromium deposits , test samples were 

tb erefore made from tubes , prepared in the manner 

described above. 

2. Test Specimens a nd Methods of Mea surement 

(a) Tensile Strength 

B ecause of their brittleness, the chromium tubes 

co uld not be directly gripped in the jaws of a te t· 

ing machine. Grips were provided by attaching a 
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FIGURE 14. A, Chr01mum tube provided with wire strain 

gages for determination of Young's modulus of elasticity. 

B, Chromium tube prepared for tensile test, and adapters 

used for mounting specimen in tensile machine; C, speci­

men broken in tensile test. 

steel rod to each end of the tube. This was 

accomplished by inserting a closely fitting steel 

rod for a short distance into the end of the chrom­

ium tube and then" cold-welding" the rod to the 
chromium by electro depositing copper over the 

juncture of the rod and the chromium. The mid­

section of the test specimen was protected with 

"stop-off" lacquer during the platipg procedure. 

The plating procedure included use of a nickel 

strike (Wood's nickel strike: NiCI2 .6H20, 240 

gjliter; HCI, (conc.) 120 mlfliter; current density= 5 

amp/dm2) to produce an adherent nickel coating 
on chromium, followed by deposition of a thick 

deposit of copper in an acid bath. Guards were 

used to produce a tapered copper deposit. A 
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thick nickel deposit could not be used for" cold­

welding", because the stress in it broke the ends of 

the chromium tube. 

The specimen was held in an adaptor by means 

of a pin that passed through a hole neal' the end of 
the inserted steel rod. To promote proper aline­

ment of the specimen for uniform distribution of 

force, the adapter was jointed so as to turn readily 

in any direction. The adapter was held by the 

grips of a 600-lb Amsler testing machine. The 
length of tube subjected to tensile stress was about 

1.5 to 2 cm (0.5 to 0.8 in.), or about 3 to 4 times the 

diameter of the tube. A test specimen and the 

adaptor are shown in figure 14. 
In somo preliminary experiments, an attempt 

was made to determine the mechanical properties 

of chromium by plating it on a standard steel ten­

sile specimen and observing it while stress was 
applied. This method was unsatisfactory because 

the moment at which the chromium cracked 

could not be ascertained even though the method 

of detecting cracks by means of copper deposition 

was used. 
(b) Modulus 

In engineering and metallurgical practice, 
Young's modulus of elasticity is conveniently de­

termined by measuring the extension of a speci­

men while tension is applied. Some machines 
have a mechanical device for directly measuring 

the extension, but usually some form of strain 

gage that may be mechanical, electrical or opti­

cal, is attached to the sample. This procedure 
could not be applied readily to the tensile test 

specimen described in the previous section, be­

cause the chromium tube was not strong enough 

to support the weight of most types of strain 

gages. An optical method [11] that involved the 
observation of a pair of extensometers with a 

microscope (in the manner used for measuring 

creep of metals) was tried, but was not sensitive 

enough. A few tests were made with an electric 

strain gage, as described below, but this method 
was somewhat cumbersome and required the use 

of highly specialized equipment. 

The method that was most satisfactory for a 

tubular specimen, involved the measurement of 

the deflection of the midpoint of a tube that was 
supported horizontally at the two ends and was 

loaded at the center. The only special equip­

ment required was a low power microscope (a 
Brinell microscope was used) to measure the de-
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FIGURE 15. Apparatus used for the determination of 

Young's modulus of elasticity. 

flection. The appara tus is shown in figure 15. 

The measurements tha t are required for the de­

termina tion of the modulus are: Weight of load, 

deflec tion of celiter of tube, length of t ube 

between the supports, and the inner and outer 

diameters of the tube. A deflection sufficiently 

large to be read easily wi th the Brinell micro­

scope could be obtained with a tube 5 mm (%6 in.) 

in diameter, having a wall thickn ess of not over 

0.25 mm (0.01 in.), and a length of 13 cm (5 in.) 

between supports. The maximum loads used 

were about 2,500 g (5 lb .) . 

Young's modulus, E, is defined as the ratio of 

stress to strain when a material is subj ected to 

tension within its elastic limit: 

E=s tr e~ s = 
stram 

tensile pull per unit area of cross sec tion. 
extension per unit length 

The modulus is calculated from the measuremen ts 

of the flexure of a tube by the following formula: 

4PD 
E= 37ro (df- d ~)' 
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where 

E = Young's,modulus in lb/in.2, 

o= defl ection in inches, 

P = load in pounds, 

L = length of specimen in inches, 

d1 = outer diameter of tube, 

d2= inner diameter of tube. 

For this formula to hold the strain must be less 

than 0.2 percent. 

The measurement of the inner and outer diame­

ters of the tube have the largest effect on the 

accuracy of the modulus, as these quantities enter 

into the equation to the fourth power, and any 

error is correspondingly magnified. High uni­

formity of wall thickness was difficult to obtain. 

For this reason the reported values can be con­

sidered accurate to within only about 5 percent, 

which is sufficient to compare the moduli of 

different type of chromium deposits. Before 

being used on chromium deposits, this method 

was checked by measuremen ts on a steel tube 

of known modulus. 

With the assistan ce of A. E . M cPher on , of the 

Engineering M echanics Section of this Bureau, 

a check wa made on a few chromium deposits, 

using a wire strain gage, which operates on the 

principle that the electrical resistance of a wire 

changes when it i subj ected to tension. Two 

wire strain gages were cemented to opposite ides 

of a chromium tube that had been prepared as for 

a tensile tes t . The tube was then subj ected to 

tension in an Amsler machine, and the two gage 

readings were taken . Observed differences in the 

two gage readings indicated that the stress was 

not equal throughout the specimen , probably 

because of imperfect alinement, but the average 

of the two readings was a valid measure of the 

extension of th e tube. The first gage tried was a 

Baldwin wire-gauze, type A- 7. The results were 

erratic, varying by ± 1O percent from the average, 

because of the curvature of the gage when wrapped 

around th e tube. A single-wire gage, type A- 12-4 

was found satisfactory and gave results that agreed 

within a few percent with those obtained by flex­

ure. A specimen carrying two of these strain 

gages is shown in figure 14. 

3 . Results of Measurements 

The data (table 7) show that the t ensile strength 

and modulus of chromium, as deposited, vary 

considerably with the conditions of deposition. 
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TABLE 7. Young's modulus and tensile ftrength of electro­

deposited chromilim 

Bath 
Tern· Current 

~~ll~~~ density 

-- -------'-----
0 C ampjdm2 

Standa rd 30 5 

2 ..... do .. __ ...... 30 10 

3 __ ... do .... ----- 40 15 

8 __ ... do ------- - 50 20 

9 ....... -...... ··1 50 30 

10 ..... do 50 40 

Il ... __ do . 50 60 

12 ..... do . 50 80 

14 ..... do 50 280 

26 __ ... do i5 60 

30 __ ... do 85 40 

31 ..... do 8., 60 

32 ..... do ---- .-- 85 80 

33 ..... do .. 85 120 

39 High SO, .. 85 80 

40 

: ~~I~tL :::::J 
50 10 

41 50 20 

42 85 20 

50 

Modulus Tensi le strength 

-------------
Ib/in.2 kgjmm' Ibjin.' kgj1Tlm' 

19 x 10' 13 X 10 ' ]9 x 10 3 1 

15 10 If> 
]6 11 17 12 

16 Il 15 10 

15 10 

I 
I - -------- -------- li 12 

12 8 .-------- --. - ----
12 8 ------- --- - -- --

32 22 

----- ---- ----.- --- 18 13 

.-------- --------- 54 3, 

33 23 70 49 

--------- --------- 80 56 

i 
31 22 I 28 20 

16 11 - -- - ----- - -- - ----
13 9 --- ----- - .- - ----
28 20 46 ~2 

TABLE 7. Young's modlilliS and tensile strength of elerlro­

deposited chromium-Continued 

Bath 

4J Dilute .... _ ... _ 

44 ..... do ....... __ 

45 . . ... do ..... __ .. 

46 ..... do .......... 

48 Concentrated . 

50 Fluoride·L .... 

51 ..... do .......... 

52 ..... do .......... 

53 ... . . do .......... 

55 ..... do .......... 

57 Fluoride·3 .. ... 

58 Fluoride·L .. __ 

59 Fluoridc·L ... 

6~ Fluoride·5 ..... 

Tem­
pera ~ 

ture 

0 C 
85 

90 

100 

100 

50 

50 

50 

50 

85 

85 

85 

85 

85 

85 

Current 
density Modulus 'l-'ensile strength 

amp/dm' lb/in.' 
80 32 x 10 6 

80 21 

100 30 
80 132 

20 16 

20 19 

30 20 

40 15 

20 30 

80 20 

20 31 

20 25 

80 26 

GO 21 

I 

kq/mm' Ib/in.' kq/mm ' 

~2 x 10' ....... ......... . 

1.1 

22 

21 

11 

IB 

14 

10 

21 

14 

22 

17 

I :: 

3.5 X 10 3 25 

27 19 

....... ··1········ 

30 

31 

12 

48 

21 

22 

8 

3 ! 
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TAB L E 8. E.D·ect oj heat treatment on modulus and tensile strength oj elecl1'odeposited chromium 

Modulns Tensile strength 

Temper- Curl'!?nt Deposit 
No . Batb 

uture density As de­

posited 

Heated 1 bour at- B eated 1 hour a t-
As de­
posited 

6000 0 8000 0 12000 0 6000 0 8000 0 12000 0 

--- -------------_._----- - - - --- - -----------------------

8 Standard ______________ . __ . ______________ _ 
32 _____ do ________________ : __________________ _ 

42 Dilute _______________________ . ___________ _ 

43 _____ do _________ . ____ _____________________ _ 
45 _____ do _________________ __________ ________ _ 

51 Fluoride-!. _____________________________ _ 
53 _____ uo __________________________________ _ 
55 _____ do _________ ___ _______________________ _ 

57 Fluoride-3 _______________________________ _ 

o C amp/dm' 

50 20 

85 80 

85 

85 

100 

50 

85 

85 

85 

20 

80 

80 

30 

20 

80 

20 

The tensile strength varies from about 15,000 

to 80,000 Ib jin.2 and Young's modulus from 

12 X 10 6 to 33 X 10 6 Ibjin. 2 The values are some­

what erratic and do Dot show any well defined 

trend, except that the higher values of both wer e 

obtained on deposits made at 85° C or above 
(fig_ 16) . 

The data in table 8 show that the modulus and 

tensile strength of chromium depo its increase on 

heating_ The increase in tensile strength of 

deposits produced at 50° C is about fourfold, but 

the increa e in modulus is not as large. 

These results on modulu and tensile strength 

can best be interpreted on the assumption that 

they do not represent the true values of the e 

properties, but that they are, "effective" values, 

which are dependent on, and hence a measure of, 

the soundness of the deposits. The presence of 

cracks and inclusions in the deposits, or pits and 

nodules on the surface, causes low results and the 

lack of consistency in the measurements. The 

deposits produced at elevated temperatures are 

sounder and hence give high er values of mechani­

cal properties. The values of tensile strength 

are more erratic than those of modulu , which is 

to be expected, as in stressing a material to the 

breaking point, a single defect can result in a 

concentration of stress sufficient to prema turely 

fracture the deposit_ The situation is very similar 

to that encountered in measuring the properties 

of lL brittle substance, such as glass [29; p_ 320] ; 

no reliable measurements of tensile strength can 

be obtnined, because the values are so dependent 

on the presence of fl aws on the surface, nlthough 

the modulus can be measured readily [29; p . 300] . 

Properties of Chromium 

lb[in.' lb/in.' lb/in.2 

33XlO • 

35 

lb/in .' lb/in.2 lb[ in.' lb/in .2 
16 __________ 22X1 0 ' 15X lO 3 19X1O 3 31X lO 3 57XIO 3 

33 ___________________ _ 70 

28 __________ __________ __________ 44 49 52 
32 __________ 33 36 46 

32 ______________________________ --35-----"[:::::::: :::::::::: 43 

20 29X 10' " _________ 37 30 50 62 
30 __________ __________ __________ 31 __________ __________ 70 

20 __________ __________ 29 12 __ . _______ .________ _ 25 

31 __________ __________ __________ 48 __________ __________ 70 

The increase in tensile strength and modulus 

on heating is further evidence that the values 

obtained on chromium a deposited cannot be 

considered characteri tic of the metaL In general 

when the metals are soft annealed, the tensile 

strength decreases [10; p . 134] ; which is opposite 

to the effect observed here. The increase in 

Young's modulus was much greater than generally 

obtained in metals. Higher values of these 

mechanical properties of chromium on heat­

trea ted specimen may be attributed to the 

increase in soundness of the metal. 

In figllre 16b, the modulu is plotted against 

the density. The reason for elec ting the density 

as the dependent variable is that it can be con­

sidered a measure of the soundne of the deposit. 

A further correlation between the tensile strength 

of chromium and its soundness will be discussed 

in connection with the stress in the deposit_ 

It is believed that the most reliable value of 

Young's modulus for chromium is about 36 X 10 6 

Ib/in. 2, as this seems to be the common value ap­

proached by the modulus of several different 

t.ypes of deposits that have been annealed at 

1,200° C. The true tensile strength is probably 

greater than the highest observed value of about 

80,000 lb /in 2. 

IX. Ductility of Chromium 

Although, as mentioned in the introduction, 

the desire to produce a ductile chromium deposit 

was the original motive for und ertaking this study 

of properties, ductile chTomium was not obtained. 

For the purposes of this investigation, a metal is 

considered ductile, if it acquires it permanent 
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deformation while being loaded to rupture. In 

the measurements of modulus of chromium by 

the method of loading a beam, indications were 

obtained that chromium lacked ductility. The 
plot of load against deflection showed no change 

in slope for specimens loaded to the breaking point. 

Plastic deformation would have been revealed by 

a: change in the slope of the curve. 

Elongation is commonly measured by the per­

cent increase of a 2-in. gage length on a speci­
men that has been broken in tension. A measure­

ment of this type was made on a few specimens of 

chromium prepared in the manner described under 

tensile strength. The measurements of length 

were made to 0.001 in. with a traveling micro­

scope. No elongation was found for either bright 

chromium or a specimen of annealed chromium 

(at 1,200° 0). Therefore, if chromium deforms 
plastically, the elongation at fracture must be less 

than one tenth of a percent. 

The possibility is not excluded that ductile 

chromium can be obtained by a metallurgical 

process that would yield an oxide-free material, 
inasmuch as normally brittle metals such as 

titanium and zirconium have been obtained in a 

ductile condition. Kroll reports [21] that at high 

temperatures chromium can be hot worked, which 
is some indication that it is ductile under certain 

conditions. 
As it appears that chromium breaks within the 

elastic limit, the maximum extension that can be 
expected when chromium is stressed in tension 

can be calculated. If the tensile strength of a 

deposit were 36,000 Ib/in.2, a modulus of 36 X 10 6 

Ib/in.2 would correspond to an extension of 0.1 

percent at the breaking point. This demon­

strates that a plated metal cannot undergo more 

than a slight flexing without cracking the deposit. 

x. Stress in Chromium Deposits 

Metals produced by electrodeposition are fre­
quently highly stressed, and there is evidence that 

this is particularly true of chromium deposits. 

The stress within a metal deposit is not a physical 

property, but an understanding of it may help to 

explain the behavior of some of the deposits. 

The formation of cracks in bright chromium 

plate is usually attributed to rupture of the 
deposit as a result of a high contractile stress. 

Some of the specimens plated from the standard 
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bath at elevated temperatures manifested the 

presence of stress in other ways. For example, 

deposits plated at 65° 0 were relatively free from 

cracks; but when the copper base was dissolved 
away, some of these developed a network of cracks 

and fell into fragments. Deposits obtained at 

85° 0 and 80 amp/dm 2 (from the standard solu­

tion) appeared quite sound, but developed one or 
more large, coarse cracks (fig. 6) when the copper 

was dissolved away. (It may be mentioned at 

this point that tIllS troublesome cracking of the 
high temperature deposits can be largely elimi­

nated by using either the dilute plating solution, 

40, or one of the solutions containing fluoride 

instead of sulfate.) 

The stress in chromium deposits was measured 

by a modification of that well-known method that 
depends on the bending of a metal strip when only 

one side is plated. The modification consisted in 

using a spiral, instead of a flat strip. The meaR­
urements were made by S. Senderoff of the Ele(~­

trodeposition Section of this Bureau. The de­

tails of the method will be discussed in a forth­

coming publication. The results obtained are 
illustrated by the curves in figure 17, in whir.h 

stress is plotted against thickness. 

Because the stress characteristics of the de­
posits are not alike, it will be necessary to discuRR 

"'Q 5 
x 

or 
u 
z 

~4 

o .><., 

)(\ 
0 

0 
t> ~ 

0 
\ 
\ 

0 

0 

I 
OJ 

10 

f.I-

\ 
j 

I" 

4 

8SOC 

= 

r----. 6s"C 

~ 96'"Q~ 

::J 

1 12O 1 1 o 
THI CKNESS ·INCHES X 10" 

FIGURE 17. Relation between stress and thickness of chro­

mium deposits. 

Plating conditions: 46° C; 22 amp/dm'; standard plating bath. 50° C; 20 

amp/dill'; standard plating bath. 65° C, 40 amp/dm'; standard plating bath. 

85° C; 20 amp/dm'; dilute plating ba th. 

Journa l of Research 



each curve individually. The curves for the 46 0 

and 50 0 C deposits show that a high stress exists in 
thin deposits, and that the stress rapidly decreases 

as the deposit becomes thicker. One explanation 

of tiu behavior is that the thin initial deposit is 
sound, but, at a certain critical tluclrness, cracking 

occurs and relieves the stress. This explanation 

fit in with tLe observations of Blum, Barrows, and 
Brenner [4) that bright chromium deposits ob­

tained at 46 0 C and thinner than 0.00002 in., do not 

contain cracks (immediately after removal from 

the bath), but that deposits above 0.00005 in. in 

thickness have cracks. The high stress of 80,000 

Ib/in.2, attained with the thin deposits, correlates 

well with the maximum tensile strength that has 
been measured for chromium, and indicated that 

bright chromium would have as high a strength as 

the dull deposits, were it not for the effect of the 

cracks. As the deposits become thicker, the 
stress approaches a constant value of about 17,000 

Ib/in.2, which is approAimately equal to the tensile 

strength that has been measured for deposits of thi 

type. 
The 65 0 C deposit shows a smaller decrease in 

stress with thickness than the bright deposits. 
Tlus result fits in with the observation, that fewer 

cracks are present in such deposits. The presence 

of a higher residual stre s, than in the bright de­

po its, accounts for the tendency to fall apart 

when the support afforded by the base metal is 
removed . The 85 0 C deposit from the dilute 

bath (deposit 42) was u ually sound and did not 

show much tendency to crack. This behavior 

is paralleled by its curve in figure 17, which shows 
that the stress becomes constant at a high value, 

indicating no relief through cracking. The stress 

of 64,000 Ib/in.2 would indicate that the tensile 
46,000 Ib/in.2, measured as described above, is too 

low. As the stress in the high temperature de­

posits is dose to their tensile strength, it is not 

surprising that the deposits exhibited cracking 
occasionally. 

Hume-Rothery has measured the stress in 

chromium deposits, but as the deposition was done 

at a current density of about 200 amp/dm2, it is 
difficult to compare his results with ours. He 

found that the stress varied from about zero for 

I bright deposits to 56,000 Ib/in.2 for dull deposits. 

He attributed the low stress of the bright deposits 
to their preferred crystal orientation. The maxi­

ma and minima in stress that he observed in de-

Properties of Chromium 

posits obtained at certain temperature are 

difficult to explain. 

XI. Electrical Resistivity 

The electrical resistivity of chromium is not 

of much practical importance in itself, but, like 

the density, it may be an index of the character 

of the deposits. Once the apparatus is set up, 
it can be measured quickly. The three physical 

properties- hardness, density, and electrical re­

sistivity, are valuable in any study of the nature 

of electrodeposits, because they afford a rapid 
and sensitive means of following subtle changes 

that occur in deposits with changes in plating 

conditions. 

Only a few papers in the literature contain data 

on the re istivity of chromium. Grube and 
Knabe [19) give a value of 14 microhm-em at 

20° C for the resistivity of powdered chromium 

that had been sintered in hydrogen. They have 

also determined the resistivities at temperatures 

up to 1,800° C, at which temperature the re­
sistivity has increased to 145 microhm-em. 

McLennan and iven [24) reported a value of 44 

microhm-cm, for the re i tivi ty of chromium as 
deposited and 17 microhm-cm for chromium 

after heating, but they did not give the conditions 

either of deposition or of heating. Adcock [1] 

gives 13.1 microhm-cm for chromium annealed 

in hydrogen. The International Critical Tables 
give a value of 2.6 microhm-cm, which is incor­

rectly quoted from Jukov [18). He actually 

reported a resistivity of 0.026 ohm-cm for com­

pressed chromium powder, and hi value is not 

comparable with those for electrolytic chromium. 
The re istivity was determined by measuring 

the potential drop between two knife edges that 

were placed in contact with a tube of chromium. 
A current of about 1 ampere was passed through 

the tube from a separate set of leads. The 

resistance of the tube was computed from the ratio 

between the potential drop across the knife 
edges and the voltage drop across a standard 

O.OOl-ohm resistance. Essentially, the method 

involves the comparison of the voltage drop 

across an unknown reistance with that across a 

lrnown resistance. Because separate connections 

to the tube were used for the current, their con­
tact resistance did not affect the measurement 

of the potential difference between the knife 

53 



:,; 
U 

I 

:,; 
:r 
o 
II: 
<.) 

:i 

7 . 01 

7. 06 

\H E ATED TO 450' FOR I HRl 
RESISTIVITY r.. _ 

7 . 09 

7· 13 

~
l DENSITY \H EATED TO 450 ' FOR I HR l 

__ - - 4 - - I - - ,- - r --r --r -i, - -
DENSITY I HEAHD TO 1200' FOR I HR ~ 

IO~ ---+----+----+----+--- ~-- --+--- ~ - 7 . 17 

o 10 20 30 40 60 60 70 80 .0 

SOLUTION TEMPERATURE (·C) CURRENT DENSITY (A MP/DM 2 ) 

a b 

FIGU RE 18. Relation between electTical resistivity and plating conditions of chromium. 

,-

'" :,; 
<.) 
..... 
S 

>-
~ 

(/) 

z 
W 
0 

a, Effect of temperature of deposition on the electrical resistivity of chromium deposits-standard , 0; dilute,€) ; fluorid e, /::.. b, Solid lines, effect of current 

density and the temperature of annealing on th e resistivity of chromium. Dotted Iiues, effect of current dcnsity and the temperature of annealing on t he demlty 
of chromium . Deposits plated a t SOO C and 20 amp/dm' in the standard bath. 

~ 
70 

0 

~ 60 I 
:r 
0 
a: 
0 

50 
i 

40 

>-
I-

:; 
30 

~ 

(/) 

u; 
w 
cr 

10 

i 
®L 

,c:,. 

0'1 

o 
o 0 .2 

0 0 
/f-o 

/ 
/ 

0 .4 0 .6 

OX YG EN C ONTEN T 

(WT %) 

a 

--

0 . 8 

® 

~ 

300 

01 I 
o 

I 
ff 

0 J 
0 

r/ 
L}.. V 

u 

500 100 900 6 .90 1 . 00 . 1 .10 7.20 

HARDNESS (KNOOP) DENSITY (G/c M3) 

b C 

F I GUR E 1!l. R elati on between electTical Tesis tivity and propeTties of chTomium. 

a, R elation between electrical resisti vity an d the oxygen co ntent of chromium deposits; b. relation between electrical resistiylty and hardness of chromium 

deposits; c, rclation betwecn electrical resis tivity and density of chromi um deposits- sta ndarll. 0; dil ute, @; flu oride, /::.; heat trea ted, • . 

54 Journal of Research 

/ 



edges. A Rubicon poLenLiomcter, sensitive to 1 

microvolt , was u cd along with a sensitive gal­

vanometer . The chromium tubes were about 5 

cm (2 in.) long and the voltage drop across 

them was of the order of several millivolts . The 

re i tivity setup was designed by R. F. Kotter , 

of the Electri city and Optics Division of this 

Bureau. 

The data in table 9 show that the resistivity of 

chromium, a deposited, varies considerably with 

the conditions of deposition and ranges from 14 

to 65 mierohm-cm. Figure 18, a, indicates that 

although a considerable range of resistivities can 

bc obtained at a given temperature (for different 

plating conditions) the deposits of lowest r e­

sistivity are obtained at the cleva ted tempera­

ture . When plotted against plating variables, 

such as temperature or current density (fig. 18), 

or against other properties of the deposits, such as 

T ABL E 9. Electrical resistivity of electrodeposited ch1"ornium 

Dc· 
posit 
No. 

1 

2 

3 

6 

7 

8 

9 

10 
II 

12 

15 

26 

27 

32 

34 

35 

36 

37 

40 

41 

42 

45 

51 

5.1 

55 

59 

63 

B ath 

Stand ard ....... 

..... do .......... 

. . . .. d o ... . .. . ... 

.... . do ...... . _ .. 

..... do .......... 

..... do ........ . . 

..... do .......... 

..... do .......... 

..... do ......... . 

..... do .. . .... ... 

..... do ........ .. 

..... do ..... _._._ 

..... do ......... . 

..... do .......... 

..... do .. .. ...... 

---- do .......... 

..... do ...... . . .. 

..... do ... . .•.... 

Dilute . . ...... . . 

---- do .......... 

---- do ....... _ .. 

..... do .....•..•• 

Fluoride- I . -- --
---- do .......... 

..... do .......... 

Fluoridc-4 ..... 1 

F luoride·5 ..... 

T em­
p e ra· 
t ure 

°c 
30 

30 

40 

50 

50 

50 

50 

50 

50 

50 

65 

75 

75 

85 

85 

90 

95 

100 

50 

50 

85 

100 

50 

85 

85 

85 

85 

Curren t 
den s ity 

aml'/dm' 

10 

15 

5 

10 

20 

30 

40 

60 

80 

40 

GO 

80 

80 

lGO 

80 

80 

80 

10 

20 

20 

80 

30 

20 

80 

80 

GO 

Properties o f Chr o mium 

R cs ti viLy 

H eat t reatmen t, 
J hour, at-

As de· 
posited 1----,..----

j \l i c r o ' ~m-
em 

66. 5 34. 2 

66.5 ------------
6 1. 8 33. I 

34. 5 23. 8 

36. 6 26. 5 

47.5 28. 9 

5 1. 8 32.6 

54 . 8 33. 6 

61. 6 -- ------.---
6 1. 6 35.5 

36. 2 28. 4 

20. 5 15.9 

23. 1 - -----------
14.9 13. 6 

35 ____ po_po_po 

15. 4 13.8 

16. 5 15. 6 

19.3 ----.-------

44.8 

46.5 

22 

13. 8 13. 6 

58. 2 16.8 

15.8 

29 

19. 2 

16. 0 

.1\ IicTohm -
em 

14.3 

----- -------
13.8 

13. 8 

13. 6 

13. 5 

13. 6 

13.6 

-- ----------
13. 6 

16. 1 

13. 2 

------------
13. 0 

____ po_po_po 

13. 0 

] 3.5 

14 .7 

13 

12. 9 

14. 1 

15. 0 

hardness (fig. 19, b), den ity (fi g. 19, e), or oxygen 

conten t (fig. 19, a), the resistivity shows a more 

uniform trend t.han do other propertie similarly 

plotted . 

The resistivity of chromium deposits is loy ered 

by annealing (table 9). The resistivity of speci­

mens ann ealed at 1,200° C t ends to approach a 

common value of 13 microhm-cm (at 28° C), 

which may be considered as the resistivity of pure 

chromium. This resistivity is att.ained by those 

specimens which had the lowest oxide content-

26 , 32, 35, 42 , and 45 . Figure 18, b, shows the 

effect of differ ent temperatures of annealing on 

the resistivity of deposits plated at 50° C . 

The high resistivity of chromium, as deposited, 

is to be attributed more to the oxide content than 

to any other factor. This is indicated by the 

trend of resistivity with oxygen con tent in figure 

19, a . The effect of small quantities of impurities 

in greatly reducing the conductivity of metals is 

well known. Although the oxide is still present 

in the ehromium after annealing, it is in an agglom­

er'ated form (fig. 5), in which condition, apparently 

it has little effect on the resistivity or on other 
physical proper tic . 

The soundness of depo its may also be a factor 

in determining the resistivity. This is shown by 

the trend of 1"e istivity with density (fig. 19, c), 

and by the fact tha t the depo its with the lowest 

tensile strength [1 , 2, 3, 8, 10, and 55] are among 

those having the highest r es is tivities. The pres­

ence of internal stress in the deposit canno t be 

responsible for mu ch of the high resi tivity, as it 

has been shown for copper and iron [10; p . 138] 

that a high stress increases resistivity by only 
about 2 percent.. 

XII. Melting Point of Chromium 

The melting point of chromium was not deter­

mined in tIllS study. In the literature, values are 

given ranging from 1,500 ° to 1,900 0 C. The most 

reliable measurement is probably that of Grube 

and Knabe [14], who obtained the value of 1,890 ° 

± 10° C for ehromium melted in a hydrogen 

a tmosphere. They showed that the presence of 

1 percent of chromic oxide would lower the melting 

point to about 1,770 0 C. Apparently the presence 

of oxide is responsible for the low and noncon­

cordan t melting points reported by other investi­
gators. 
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XIII. Heat Treatment of Chromium Depos­

ited on a Base Metal 

It would be helpful to be able to take advantage 

of the enhanced properties possessed by chromium 

that has been annealed at a high temperature. 
Some experiments were made to determine the 

effect of heating thick chromium deposits plated 

on steel, and on steel first plated with nickel, 

FIGU RE 20. Effect of heat treatment at 1,200° C of a thick 

chromium deposit on steel. 

Etched with hydrochloric acid. a, Before heating (Xl,OOO); b, after heBtlnJ 

(X500). 
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cobalt or iron. In all cases, after heating to 1,200° 

o the deposits were badly cracked, and their 

adhesion to the base metal was so poor that the 

deposit could be flaked off by bending the speci­

men. On the other hand, chromium from which 
the base metal has been stripped remains sound \ 

when annealed. The cracking of the chromium is 

probably a result of the difference between the 
coefficients of expansion of steel and chromium. 

The cause of the subsequent poor adhesion seems 

to be the formation of a brittle alloy layer between 
the chromium deposit and the base metal (see fig. 

20). The chromium that flaked off of the base 

_ metal does not contain any of the intermediate 

metal upon which it was plated, whereas the 

material remaining on the base metal contains 
chromium. Hence, the break seems to come 

between the chromium deposit and the layer of 

chromium alloy. These difficulties with adhesion 
and cracking warrant the conclusion that a high­

temperature heat-treatment will not improve the 

properties of chromium in contact with a base 

metal. 

XIV. Electrodeposition and Properties of 1 

Chromium-Iron Alloys 

Kroll (20] showed that a metallurgical alloy 
containing mainly chromium and a small amount 

of iron could be worked while hot. This suggested 

the possibility of obtaining deposits of chromium I 

alloys that might have more ductility than pure 
chromium. A study was made of the deposition 1 

of alloys of chromium from chromic acid solutions, 

but as the results of this investigation were mainly 
negative, they will be described only briefly. 

The literature contains a few references to 

attempts to deposit alloys of chromium from a 

chromic acid solution. Kasper (19] cites several 

references to the effect that other metals and 
chromium do not codeposit. Gardam (12] makes 

no mention of alloy formation in connection with 

the introduction of iron in the plating solution 
used for producing machinable chromium. Watts 

[34] also was unable to obtain alloys from a chromic 

acid solution. On the other hand, Skalozubov 

and Goncharova [32] reported that alloys with 
nickel and with iron had been obtained from 

chromic acid solu tions. 
The following metals were , I introduced into 

chromic acid solutions in the attempt to obtain 

alloys- iron, nickel, cobalt, tungsten, and molyb-
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denum. The metals of the iron group were 

introduced into the olution mainly in the form 

of the metal dichromates, but a limited number of 

experiments were made by adding the metals in 
the form of other salts. Tungsten and molyb-

\ denum were added in the form of complexes with 

pho phoric, hydrofluoric, or boric acid. No alloys 
containing more than a few tenths of a percent of 

the added metal were obtained from any of the 

solution except the ones containing iron, and, 
qualitatively at least, the deposits were usually 

inferior in physical properties to pure chromium 

deposits. 

The deposits obtained from the olutions recom-

mended by Gardam (table 10) are very similar 

to those obtained from the standard clu'omium 
solution [29 to 32], except that they are somewhat 

softer, although containing more oxide. The e 

deposits contain only several hundredths of a 
percent of iron. The solution, iron-1 (see table 10) 

is similar to Gardam's, except that it contains 

twice as much iron and corresponds essentially 
to a 2.5-molar solution of iron dichromate 

F e2(Cr207)3. The deposits contain several tenths 
of a percent of iron, but are not essentially different 
from ordinary chromium deposits. The deposits 

from solutions iron-3 to iron-5 are weak, brittle, 

and unsound. 

T ABLE 10. E lectrodeposited chromium-iron alloys 

Bath com positioll 
T em-

Ba th pera-

CrO. Fe SO. M g tnre 

NIole. /liter lIIoie./liter Moles/liter NIoies/liter °C 
Gardam . ___ . ________ _ 2,5 0, 4 0. 025 ----------- 85 

Iron-L _______________ 2,5 . 8 .025 to ,12 ----------- 85 

Iron-2 __ ______________ 2,5 .8 . 04 --- - -- - --- - 45 

Iroo-3 __ ___ ___________ 1,0 .32 . 17 0,16 30 

Do _______ ___ _____ 1,0 .32 ,17 . 16 50 

Iroo-4 _________ _______ 1.0 .64 .96 .96 25 

Do ____________ ___ 
1.0 . 64 .96 . 96 25 

iron-5 ___________ ___ __ 1,0 .32 . 33 I -.32 30 

1\ Potassium instead or magnesium. 

Although these solutions for plating chromium­

iron alloys are not of practical value, they have 
some points of academic interest, particularly the 

solutions iron-3 to iron-5 . They have an un­

usually high cathode current efficiency, ranging 

from 30 to 65 percent, and contain considerably 

more sulfate than an ordinary chromium plating 

solution. Solution iron-4 contains almost as 

much sulfate as chromate, or a ratio of sulfate to 

chromic acid of about a hundred times greater 

than is normally present in a chromium plating 

bath. The high current efficiency of these solu­

tions may be partially a result of the high pH, 

but this is not the whole story, as solution with 

a similar pH, made up by substituting trivalent 

Properties o f Chromium 

Cathode Ratio: 
C urrent 

ell-
IIardness, 

Iron Oxygen IIydro- oxygen 
pH density Vickers gen to hy-ciency 

drogcn 

------
amp/dm' Percent P ercent Percent Percent 

20 to 80 8 to 12 320 to 470 0.1 0.1 to 0.35 - - ------ .------- 0.2 

20 to 80 7 to 12 360 to 500 .1 to .5 .1 to .35 ----._-- -------- .3 

20 1020 .0 .4 -- - ----- .------- .3 

10 47 360 5. 2 1.69 0.09l 19 1.2 

20 65 340 9. 0 2. 85 . 07l 40 1.2 

2,5 30 .---- ----- . 6.0 2. 14 .112 19 1.6 

43 350 6. 3 1.58 .093 17 1.6 

10 53 350 1. 91 .067 28 1.4 

clu'omium for the iron, neither plated very satis­
factorily, nor yielded high current efficiencies. 

The depo its from iron-3 to iron-5 contain a 

high amount of ox.'Ygen, but are not very hard. 
This shows that the mere presence of oxide in­

clusions in a deposit is not sufficient to produce 

hardness, but that the state and dispersion of the 
basic material is equally important. Because the 

oxygen to hydrogen ratio of these deposits is 16 

or above, the deposits apparently have no free 

hydrogen (on the basis of our assumption). It 
is possible, however, that because of the relatively 

high pH of the solution, the basic material has 

separated in the form of a basic iron or chromium 

diclu'omate, Cr (OH)a.Cr(OH)Cr04, in which the 
ratio of oxygen to hydrogen by weight, is 32. 
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XV. Summary 

As the properties of various types of clectro­

deposited chromium approach a common value 

after the chromium has been heated to 1,200 0 C, 

the properties of this annealed chromium may be 

considered t6 be those of pure chromium. Sup­

port for this view is gained from the fact that the 

density of annealed chromium is 7.20 g/cm3 , the 

value calculated for pure chromium from X-ray 

data. The following is a summary of the prop­

erties of annealed chromium. 
Hardness _____ ________________ 200 (Knoop) . 

Density ____________ .. _________ 7.20 gjcm3• 

Young's Modulus ___ ___ ________ 36X106 1bjin2. 

Tensile Strength ___ _ _ _ _ _ _ _ _ _ _ _ _ 70,000 I bjill 2. 

R esistivity __ __ ___ .. ___ _____ ____ 13.0 microhms-cm. 

It will be noted that some of the deposits ob­

tamed at temperatures between 85 0 and 1000 C 

have physical properties very close to those of the 

annealed deposits. The inference is that these 

deposits are the purest and soundest ones and are 

most likely to be satisfactory for any purpose 

other than those requiring high hardness. In 

table 11, the properties of some of the best high­

temperature deposits are compared with the 

commonly used bright chromium, deposited at 

50 0 C and 20 amp/dm2• 

l' ABLE 11. Comparison of properties of low temperature (50 0 C), high temperature (85 0 to 1000 C), and annealed chromiUln 

Deposit 
No. 

Bath 

Plating conditions 

o C amp/dm' Percent 
8 .. _. _. _ Standard .. . ..................... . . 50 20 15 

42...... Dilute .... . ....................... . 85 20 15 

53 ...... ' Fluoride ...... ................... . 85 20 15 

32... ... Standard ......................... . 85 80 11 

4o...... Dilute ............................ . 1()() 80 8 

Annealed, 1,2()()O C . ............................ _ .......... , ........ __ .. 
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