Determination  of Hydrogen Thermally Evolved from
Barrel-Zinc-Plated Steel: a Gas Chromatographic  Method
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Hydrogen can be introduced into metals as a result of by which it is introduced, and upon the metallurgical charac-
plating and/or cleaning processes. For coated steel parts teristics of the material itself It was considered important
bake-out treatments for removal of hydrogen are often to verify whether the influence of these parameters remains
helpful. To determine the amount of hydrogen thermally| valid on hydrogen thermally evolved from zinc-coated steel
evolved during baking, a sensitive apparatus, using a ggsparts. Moreover, it was decided that an investigation per-
chromatograph, was developed. An investigation was formed on steel parts plated under barrel conditions would be
made of the hydrogen desorption rate of zinc electrode- worthwhile because most of the previous work on hydrogen
posited under barrel conditions from a cyanide electro4{ evolution and metal electrodeposition processes has con-
lyte. The effects of metallurgical microstructures of stee| sisted of stationary plating of individual test specimens. A
parts and operating plating conditions upon hydrogen| need arose, therefore, to evaluate the hydrogen content in
desorption were determined by using an experimental electrodeposited zinc.

design. An analysis of pertinent parameters for the des- The determination of hydrogen in metals has undergone
orption process is given. Hydrogen removal is a specific extensive development in the last 20 years, and several
function of the microstructure of the substrate {.e., the | review articles of this subject have publisiédiith particu-

heat treatments performed on the steel samples). Thesdar emphasis on steéldNumerous techniques have been
criteria can be of help in selecting baking operating used: vacuur®!! carrier-gas methott,®® electrochemical
conditions for zinc-coated steel parts. methods' nuclear reaction methodsspectral methods

Hydrogen can be introduced into steel
during the steel-making process, fab
rication or servicé Surface treatments
in aqueous solutions can generate hjss
drogen at the surface of the parts. Hy#
drogen does not only enter into th{
plated metal during the electroplatin

cycle. When a steel is acid-pickled %
hydrogen is liberated in the corrosiorgts.
reaction and may enter the sté@a-
thodic charging in alkaline solutionsj
(electrocleaning) may also introduce ; %
hydrogen into the metdlhowever, [k X i-t'
this phenomenon is prevalent during - ol B v 2
_met_al eIeCtTOdepos't'on and eSpec:'a”)!':ig. 1—Photomicrographs of cross sections of three rivets: (a) after cold-working (600X); (b) after
in zinc plating as a result of less tharardening (quenched and tempered) (1400X); (c) after surface-hardening (carbonitrided and tempered)
theoretical cathodic efficiency. (600X), etched with 5-percent nital.

Hydrogen is known to have a dra-
matic effect on the physical and me- Hydrogen valve
chanical properties of metéfand to ':‘i:;;l':_m‘fj‘;?:r'
contrl_bute significantly to hardness anc sanple vailve)
embrittlement of steels, for instance
To reduce hydrogen embrittlement,
electroplaters who constantly zinc-
plate high-strength nuts and bolts us
alternative techniques, such as bakin
after plating’ This additional heat treat-
ment €.g, 1-8 hr at 130-23€¢C), may
release hydrogen that has been o

cluded in the part or merely diffuse it
evenly through the surface.
Prior investigations have indicated
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Microvolumss
samipling
valve
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that the damaging effects of hydroget Homogemzmg Gas chromatograph — Integmtor
on physical and mechanical propertie pump and Helpeter (130 i4)

of metals depend on both the processg. 2—Diagram of the apparatus.
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Table 1
Taguchi L9 Array Configuration

Column number

Trial Number 1 2 3 4
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 S
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

and surface analytical method he authors have chosen
develop a gas-carrier method that may be used in ro
analyses.

The main subjects of the work in this study can be sum
rized as follows: (1) presentation of the outline of the ap
ratus for determination of the amount of hydrogen therm
evolved from zinc-coated steel parts, (2) examination of
influence of baking temperature upon the hydrogen t
mally evolved, (3) evaluation of the effects of metallurgi
microstructures of the steel parts and operating plating
ditions on hydrogen desorption, using an experimental
sign.
Experimental  Procedure
Specimens
Steel rivets, 6 mm in dia. and 15 mm long, were selecte
use asthe test pieces. Allrivets used in this investigation
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Fig. 3—Typical chartrecord: Column, 6.6 ftx 1/8" (2 m x 2.2 mm); Pack
Molecular sieve 13X 80/100, Temp: 85; Flow rate: Argon, 25 mL/min

manufactured from the same production lot of low-alloyed
steel wire (type 38Cr4 : 0.37% C, 0.18% Si, 0.81% Mn,
0.018% P, 0.007% S and 1.00% Cr). Because, in this study,
our interest was in the effects of the metallurgical character-
istics, the experimental plating work was carried out on three
lots corresponding to three different heat treatments.
Spheroidizing was usually carried out prior to mechanical
cold-working to reduce the hardness of steel. Two other heat
treatments were evaluated and are as follows: hardening
(austenizing at 888C for one hr, quenching in oil at 8C,

then tempering at 55 for 40 min) and surface-hardening
(carbonitriding at 856C in a gaseous atmosphere, quenching
in oil, then tempering). Figure la-c shows the different
microstructures of heat-treated parts. Before undergoing heat
tdreatment, specimens were dephosphated, degreased thor-
itineghly, rinsed and dried.

nizathode Surface Preparation  &Plating of Parts

pAload of 200 rivets was used because experience showed that
aflyis was the best load size in barrel plating for obtaining
ttidckness uniformity. The samples were cleaned by three
h@rocesses usually in combinatiare(, alkaline soak clean-
céig, followed by electrolytic cleaning, then acid dipping).
c&ecause a considerable amount of hydrogen might be intro-
dhiced during surface preparation, these processes were fol-
lowed by baking to remove it. Prior to electroplating, acid dip
to re-activate the surface was necessary, but immersion time
was minimized (30 sec). In this investigation, a low- cyanide
electrolyte of the following composition was used at room

d femperature for all experiments: NaCN, 25 g/L; NaOH,
w80g/L; Zn, 12.5g/L. The plating lab barrelwas a 110 x 60 mm
horizontal cylinder, with 1-m#Aholes. It was equipped with

a flexible dangler contact to carry the current. Its rotational
speed was kept constant at 8 rpm. High-grade zinc anodes in
steel containers were used. A preliminary study was made to
determine the appropriate anode area (steel-to-zinc-anode
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Fig. 4—Typical hydrogen evolution curve.
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ratio) to maintain a stable zinc con- Table 2
centration in the system. The solu: T hi L9 E C‘f & Level
tions were analyzed before and af aguchi actors evels

ter eIeCtrOIySIS' In all cases, the Factors Column Level 1 Level 2 Level 3

Change in composition Of, th? el,e_c' Metallurgical state$M) 1 cold-formed quenched-tempered carbonitrided-tempered
trolyte was found to be insignifi-

cant. Current density(l) 2 0.2 A/dn? 0.6 A/dnt 1 A/dne
Development of Apparatus Current quantityQ) 4 1 A-min/dn? 10 A-min/dn? 40 A-min/dne

The method advanced here was

inspired by that of Brulé )

et al!? for the determination of hydrogen content in st el[gake transfer of the cell, where the extraction takes place, as
(Fig. 2). After zinc plating, the samples are put into a cell|(Bfmple as possible. The furnace temperature is measured
in which the air is displaced by argon gas. After a predet@ecurately and kept constant.

mined time, the cell is transferred into the furnace (2) and the

samples are heated at an elevated constant temperature Cprier ~ GasPath to Cell _ N
released diffusible hydrogen is pumped, together with| th&is device comprises two channels. Theflrs_t char_melfacm-
carrier gas (and residual air), from the cell in the analytidates the following: air purge of the cell after insertion of the
section and assayed. The hydrogen is detected by xcimens, check of gas leaks in the cell, preparation of
chromatograph of the thermal conductivity detection type (@libration curves, etc. The second channel, connected di-
and the amount of hydrogen in the carrier gas (argo )r@tly to the cell, allows Qetgrmlnathr! of the whole quant_lty
determined by an integrator (5). Measurements are repedibdiydrogen evolved within a definite time and permits
atarbitrarily set intervals and the total of the measured valfieéowing of changes in the hydrogen evolution rate with the
is regarded as the amount of diffusible hydrogen. Defini@ssage of time. Rotary multiway valves (6 ports, 2 ways) are

amounts of standard hydrogen gas are used for calibrati€ed to change flow paths.
The hydrogen content in ppm can be calculated from a

The Extraction ~ System (cell and fumace) calibration curvei(e.,the relationship between the hydrogen

Pyrex glass was used as the material for the cell in congid@dtent and the surface area of the chromatographic peak).
ation of the permeability of hydrogen and for its corrogidaalibration curves are prepared using g¢éis (99.995%
resistance, despite brittleness. The size of the cell (30 mnPifiity) with the aid of five calibration tubes of 232, 296, 503,
dia. and 140 mm long) is such that several small parts carPgé and 1,36QL (measured with mercury) incorporated in
contained. After insertion of the specimens, the cap wajs & two-channel selector. The sampling loop volume is
and the inside of the cell shut off from the outside air, usifgOHL.

an O-ring. The tubular furnace has an opening in one end to
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Fig. 5—Hydrogen evolution from zinc-coated steel specimens during ig. 6—Hydrog_en evolution curves from zinc-coated steel samples performed
extraction at various constant temperatures. Plating conditions: 1%/gnunder Taguchi L9 Array (22€C).
15 A-min/drj, 25 °C.
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Gas Chromatograph

The analytical system is composed of a gas chromatogr
of the thermal conductivity type and an integrator. The
chromatographic column (length 2 m, inner dia. 2.2 mm
packed with molecular sieve (80/100 mesh - SAE 30 phg
The pressure is equal to 1.4 bar, and the furnace tempe
is 65°C. Argon (99.995% purity) is used as the carrier
instead of helium because the values of the limit of deteg
can be lowered. The difference in thermal conducti
between the carrier gas (Ar) and the analyzed gasg®(H
N,) is measured in a thermal conductivity detector (TC|
The TCD employs a heated tungsten filament: four elem
energized by a constant current of 70 mA. The temperatu
the detector block is 10%.

Preliminary experiments were performed to optimize
operating conditions for the gas chromatogr&phThe
retention times for the gases are: hydrogen 98 sec, 0x|
137 sec, nitrogen 172 sec (Fig. 3).

Several advantages are connected with this techn
such as the ease with which the kinetics of hydrogen ev
tion as afunction of temperature can be followed, the sim
ity of the apparatus, etc. Its principal disadvantage is
range of extraction temperature available, fixed by the Ig
ing mechanism of the extraction cell, ranging from 10(
400°C (far below the fusion temperature of the samples

Results  &Discussion

Influence  of the Extraction  Temperature

Figure 4 shows a typical analysis for a zinc coated s
Starting from zero time, the curve shows atime lag at the s
mostly because of the time required for the specimern
attain the temperature of the furnace. The volume pf
increases gradually after this time lag and finally beco
stationary. Y represents the maximum volume of hydrog
thermally extracted from the specimens at the desired
perature. Figure 5 shows the rate of hydrogen evolutig
various constant temperatures for zinc coated steels fr
cyanide bath under identical conditions. Until 2TD is
reached, the hydrogen content increases only slowly
raising the extraction temperature, the hydrogen evo
changes more rapidly, so that at 380 hydrogen evolution
has ended after 80-100 min, while at 30Qit takes 150-170
min for all the hydrogen to be released from the sample
an extraction temperature of 220, hydrogen evolution is
still not complete after 150 min. Despite the great differe
in the quantity of the evolved hydrogen caused by elev
temperature, the general trend of gas evolution is muct
same. There is not much evolution of hydrogen below 1
150°C. Hydrogen evolution first becomes evident above
temperature. With rising temperature, the rate of hydrg
evolution increases.

Effects of the Metallurgical
Operating  Conditions

The questions to be posed in an analysis of hydrogen ev
from a coated metal during baking, after plating proces
may be summarized as follows :

Microstructures &

What is the influence of the metallurgical variables (cg
position, microstructures, strength level, processing
tory, etc.)?

How do plating conditions affect the hydrogen conten

Table 3
Z‘ Taguchi L9 Treatments Results &Factors Effects

)

Treatment results Source Effect

N Test C, (ppm) Mean 0.50
8 1 0.05 M, -0.26
of 2 0.31 M, -0.25
ti 3 0.34 M, 0.51
i 4 0.10 I -0.12
5 0.37 I, 0.15

D 6 0.29 I, -0.03
e 7 0.97 Q, -0.09
8 1.27 Q, 0.02

It 9 0.79 Q 0.07

w

the
Because of the many variables involved and the impossible
vtk of studying one at a time, it was decided to confine the
study to the structure factors and to some of the plating
goenditions factors.
oluTo investigate each variable one at a time while holding all
bligthers constant would require an enormous amount of engi-
theering time. To reduce experimentation time, a technique
dkrown as the Taguchi Method can be used. The basis for
Maguchi’'s technique of simultaneous testing of multiple
5)variables is the orthogonal or balanced array, which was
originally developed by American and British statistici#ns.
The experimental design is a L9 array, so named because it
comprises 9 treatments or combinations of factors. The array
le@bnfiguration is depicted in Table 1. The L9 is a three-level
startay. This means, that for each factor, three different values
sai@ tested. Table 2 shows the three factors studied and their
evels that are independently and simultaneously evaluated in
Mss investigation.
en
tenFactor 1 Metallurgical stategM).
n aMicrostructures may be one cause of hydrogen
bm @mbrittlement. The published literature reveals that the
overall ranking for steels extends from quenched and
Bytempered martensite’s being more resistant to hydrogen,
vedhrough spheroidized structures having intermediate resis-
tance, to pearlitic structure, usually with somewhat less
resistancé. Level 1, therefore, represents typical cold-
. Avorked steel with spheroidized pearlitic structure, while
Levels 2 and 3 metallurgical states represent, respectively,
nceguenched and tempered martensite-bainite and carbo-
at%dmitrided and tempered microstructures.
n the
|35Factor 2 Apparent current density).
thisBarrel plating conditions are very different from those of
gestill plating. This is essentially because of current fluctua-
tions corresponding to the intermittent contact of the tum-
bling parts with the electrical lead. Current density affects
the cathodic efficiency and, therefore, the quantity of
hydrogen released during electrolysis. Level 2 represents
blvatle standard current density while Levels 1 and 3 represent
seghe industrial limits of the current density range.

« Factor 3 Current quantityfQ).
m-The amp-hr of charge can be correlated with deposit thick-
hisness. Level 1 represents the first stages of the zinc deposi-
tion. Levels 2 and 3 represent two values of current quantity
t? simulating industrial plating conditions.
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Figure 6 shows the nine hydrogen evolution curves|ob- 1978).
tained in the experiments. The resulting data of the L9 ai®@ D. WarrenMaterials Performance26, 38 (1987).
depicted in Table 3. These values represent the hydrpg&n L.A. De’Aeth,Chem. Anal.40, 491 (1974).
content (ppm) thermally evolved after five hr bake (22 | 8. I. TaguchiFushoku Boshoku Shinpojumu Shi3@ 31
The effects of the individual factors are given by the polyno- (1980).
mial expression: 9. V.S. SastriTalantg 34, 489 (1987).
10. L. Moreau & J. Talbolt). Bull. Soc. Chim. Fr2, 148
C,=0.50+[-0.26 - 0.25 + 0.51]M + [-0.12 + 0.15 - 0.03]|  (1961).
+[-0.09 + 0.02 +0.07]Q 11. D.H. Kim & H.G. Ho,Punsok Hwahakl, 8 (1980).
C,=0.50 +[-0.26 - 0.25 + 0.51]M 12. B. Brulé, M. Cornet & S. Talbot-Besnaindydrogen
Met. Proc. 2nd Int. Congyr2, 111 (1978).
The factorM, microstructure, is the most significant (833. A. Gomez Urraco & V.G. Guglydzv. Vyssh. Uchebn.
percent of contribution). The results indicate the important Zaved. Chern. Metall5, 153 (1980).
effect the carbonitriding heat-treatment may have when|itli4. M.A.V. Devanathan & Z. Stachursliyoc. Roy. Sa¢
employed. Even if several hypotheses are expressed, this270A, 90 (1962).
observation may be the result of the case presércelfe | 15. P. Tison & J.P. FidelleJackson Lake ConfAIME
surface region which both limits the diffusion of hydrogen (1980).
through the metal lattice and renders steels “difficulf 6. Yu.S. Kalininand G.P. Kondrasho¥égz. Khim. Metody
plate”). The ease of deposition (or platability) depends on the Anal, 2, 48 (1977).
surface composition of the paftDuring the time required 17. J.W. Hanneken, D.R. Franceschetti & R. Bowen Loftin,
by the zinc nucleation step, calleg hydrogen is release Zeit. Phys. Chem. Folgd7, 685 (1986).
only on the cathode surface, resulting in alarge concentratid |. Marcout,Rapport LCTS-ENSCBesancon (1994).
of hydrogen in the outer surface of the sample. For exam@d®, S. ParusattiRapport DEA Chime-Physique No. 1258
a guenched sample is readily plated £ 8 sec), while Besancon (1990).
carbonitrided specimen accepts zinc deposition 150 sec|a@r J. Stuart Hunted,. Quality Techno] 17, 210 (1985).
the plating operation begins. 21. M. Wery, V. Ligier, J. Kirman & J.C. CatonnE&rans.
Factors 2 and 3, apparent current density and electric I.M.F., 75, 73 (1997).
charge, are less significant in the limits of the study field. It
should be noted, however, that in this array, the interactions,
negligible by hypothesis, are correlated or aliased with| the
main effects. As a result, the effects of the factors cal
exaggerated or diminished.
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