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SUMMARY

The relationship between the hydrogen content and the degree of
embrittlement of carbon spring steel strip was assessed using a
slow bend test technique, after plating with zinc to nominal
deposits corresponding to Zn2 (Class C) and Znl0 (Class 1)
respectively of BS 1706.1960. The efficacy of de-embrittlement
treatments was assessed after baking the plated strips for times
of 2 hours and 18 hours at 190/200°C.

The fracture surfaces of selected bend test samples were subsquently

examined on the Scanning Electron Microscope.

It was concluded that the bulk hydrogen content of the steel could
not be related to the degree of embrittlement. The hydrogen
content of the strip, measured with the zinc in situ, did show

a significant direct correlation with the zinc thickness.

The degree of embrittlement was not significantly affected by the
thickness of the zinc depost. There was some evidence to show that
the strips with Zn2 deposits responded more favourably than those
with Zn10 deposits to the appropriate de-embrittlement baking

treatments, however.

A 2 hour baking treatment did not significantly improve the
ductility of either the Zn2 or the Znl0 plated strips.

Baking for 18 hours significantly improved the ductility of the
Zn 2 strips, but did not improve that of the Znl0 plated material.

The final ductility of the plated strips after baking for 18 hours
always remained significantly lower than that of the unplated strips.

There was evidence to suggest that a number of the strlps still
“exhibited severe hydrogen embrlttlement desplte baking for 18
"hours at 190/200 C.



The work has shown that suitable fractographic analysis, using
the Scanning Electron Microscope, can reveal clear evidence of
hydrcgen embrittlement.
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INTRODUCTION AND OBJECTIVE

Modern developments in the techniques available for the
determination of hydrogen in metals have made it possible

to measure the total hydrogen content of steel with greater
precision that that obtainable using methods of hot extraction

from the so0lid metal under wvacuum.

The present work was designed to measure the hydrogen content
of carbon spring steel strip both before and after the
application of selected zinc plating and baking treatments.
Such measurements could then be examined in association with
the ductility of the strip as determined by a slow bend
test.

It is known that commercial barrel plating produces a range
of zinc thickness, and the effects of two widely disparate
levels of mean zinc thickness upon the hydrogen content and
degree of embrittlement were therefore investigated.

Previous work at SRAMA had indicated that baklng for 2 hours

at 190/200°C, after zinc plating, was potentlally as effective

as a 16 - 24 hour bake in reducing the harmful effects of hydrogen
embrlttlement upon hardened and tempered carbon spring steels(l).
In view of this finding, the present work was therefore designed
to examine more closely the effects of baking time upon the
ductility of the zinc plated strip. o
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It was further intended to characterise the fracture surfaces
of ductile and hydrogen embrittled strips, broken during
slow bend testing, by means of the SRAMA Scanning Electron

Microscope.

In the event, the extent of this scanning electron fractography
had to be restricted due to lack of time and a complete
fracture characterisation therefore remains to be completed

in the future.

EXPERIMENTAL PROCEDURE

2.1 Material and Specimen Preparation

Hardened and tempered carbon spring steel polished strip
was obtained as cocil to BS 1449, Part 1. 1972 with a
hardness of 540 - 560 Hc and "as sheared" dimensions of
12 mm width x 0.8 mm thickness. Examination of the strip
revealed the material to possess a hardness of 551 - 553
Hv20, the chemical composition being as follows:-

c si Mn P s

Wt % 1.03 0.28 0.46 0.014 0.010

The strip was cut into test pieces each of 90 mm length,
after which both longitudinal edges were equally surface
ground by means df Elliot 618 precision tool room grinder
incorporating a magnetic table, to give a final specimen
width of 11.4 mm, thus reducing the effects associated
with the original sheared edge of the strips.

2.2 Cleaning and Electroplating

The appropriate strips were commercially acid cleaned

and zinc eleétroPlated by a member firm, so as to produce
results which would be generally‘applicable to the spring
industry. The:strips were cleaned by batch immersion in

a commercial solution of inhibited acid.

~ Electroplating was carried out at a current density of
approximately 3A/dm2 in a low cyanide barrel plating bath,

the approximate composition of which was as follows:-
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Zinc i2g/1
Total Sodium Cyanide 20g/1
Sodium Hydroxide 75g/1

One barrel load of strips was zinc plated to an average
thickness of 0.038 mm, as recommended for BS Znl0, Class A
of BS 1706.1960, whilst an egual batch was similarly
plated to an average thickness of 0.009 mm, corresponding

to BS Zn2, Class C of the same specification.

De-embrittlement Baking

Baking was carried out by a member firm at a temperature

of 190 - 200°C within 1 hour of completion of electroplating.

One batch of each zinc thickness was not baked; similar

batches of each zinc thickness were baked for 2 and 18 hours.

Slow Bend Tests

The angle at which the strips brocke when bent around a

4.53 mm diameter mandrel at a rate of 0.6 degrees/sec.

was used as a measure of ductility. Equal batches of

25 strips/batch were tested using the slow bend test machine
described in an earlier report(2).

One batch of strips was tested in the "untreated" condition,
i.e. prepared by surface grinding but neither cleaned nor
plated to give a measure of the original ductility of the

strip.

A further batch of strips was tested after acid cleaning,
to assess the effect of this process upon embrittlement.

‘The remaining zinc plated strips, after baking if appropriate}

were tested in equal sized batches, to the experimental
design shown in Table I whilst the test results are given
in Table II. The fracture surfaces were removed from
selected samples of the broken strip as soon as possible
after testing, and were individually stored in dessicant
for future examinatibﬁw6n the Scanning Electron Microscope.




Zinc Thickness

Measurements of the average zinc thickness were made
using the techniques described in Appendix B of BS 1706.
1960.

Sections of strip were taken from the broken samples cbtained
as a result of the bend tests. After appropriate dimensional
measurement, the sections were weighed, after which the

zinc was removed using an acidified solution of antimony
trichloride. The strips were re-weighted after removal

of the antimony deposit and were dried, the thickness of

zinc being subsequently calculated from the relationship:

Average zinc thickness (mm) = W x 141
A
Where W = Weight of Zinc removed, gm.,
A = Area of zinc coated surface, mmz.

The results of the determinations are shown in Table III.

Hydrogen Content

The hydrogen ccntent of selected strips was measured

using a Balzer Halograph EAH220 vacuum fusion instrument,
Three strips were selected for hydrogen measurement from

each of the eight batches shown in Table I, the selecticn
being in each case representative of the maximum, medium

and minimum values of bend angle obtained during bend testing.
In the case of batches C - J, which had all been zinc plated,
hydrogen determinations were made both with the zinc present,
and on different sections of the same strip after the zinc
had been removed using the technique described in Section

2.5 of the report,

The results of the hydrogen analyses are presented in
Table IV.

I3



3. RESULTS AND DISCUSSION

3.1 Effect of Bydrogen Content on Bend Angle

The results of the hydrogen analyses are shown plotted
against bend angle for the zinc plated strips in Fig. 1
and for the equivalent strips from which the zinc had

been removed in Fig. 2.

It is apparent that there was no correlation, in either
case, between the hydrogen content of the strip and the

ductility as represented by the bend angle.

These values of hydrogen content were averadges obtained
throughout the bulk of specimen, however. It should be
appreciated that the hydrogen content of the steel
immediately adjacent to and just below the zinc plated
surface could have been very significantly higher than
that guoted for the bulk of the steel itself. The
regions of highest hydrogen content at the surface would
therefore coincide with the regions of highest tensile
bending stress leading to the development of conditions

favourable to hydrcogen embrittlement.

The hydrogen content of the zinc plated strip was at
least an order of magnitude higher than that for the
samples from which the ainc had been removed, suggesting
that a significant proportion of the total hvdroagen was
contained within the zinc layer rather than in the steel

substrate.

The plot of Fig. 3 shows the hydrogen content as a

function of the zinc thickness for the present work, and
incorporates the results of earlier work carried out at
SRAMA on behalf of a member firm(3). The relationship
indicates that the total hydrogen content of the plated
strips tended to increase directly as the zinc thickness
increased. Such a relationship suggespgmyhat a substantial

fraction of the total'hydrogen detected in the zinc plated
strip was associated with the zinc plate itself,.



-6~

Preliminary Statistical Analysis of Bend Angle Results

for Z2inc Plated and Baked Samples

A three way Analysis of Variance {(ANOVA) technique was
used to investigate the main sources of variation present

in all the raw bend angle data.

The final simplified results of this analysis are shown
in Table V. The results effectively indicated that the
baking time was the only single factor directly affecting
the bend angle to any significant extent. A relatively
significant contribution to the overall variation of the
results was provided by the Zinc Thickness X Baking Time

interaction, however.

Estimates of the relative contributions of these effects
to the overall variance of the bend test results yielded

the following results:

Source of Variance Contribution
Variation %

Baking time 3.1

Zinc Thickness x 20.5

Baking Time

Residual (Error) 76.4

Total 100.0

The relatively large contribution of the variance of the
Zinc Thickness x Baking Time interaction suggests that
some combinations of baking time and zinc thickness

gave bend angles with unexpectedly high or unexpectedly
low results. -

Frequency distributions were therefore plotted for the
bend angle results obtained for the Zn2 and ZﬁlO plated
strips, and these are shown in Figs, 4 and 5 respectively.



.

Two main points of interest emerge from consideration of

the ANOVA results and the frequency distributions.

1. The Zn2 strips appeared to be more effectively
de-embrittled than the Znl0 strips by the 18 hour baking
treatment. {(This effect would account for the large

Zinc Thickness x Baking Time interaction).

2. The bend test results did not generally conform to
a Normal distribution indicating that the variances
of the bend test results could not be assumed to
be independent estimates of the same population
variance. 1In conseguence, Students 't' test would
not be the most discriminating technique for assessing
the significance of the difference in mean values of
bend angle between appropriate batch samples.
The Welch-Test was therefore selected for further
statistical analysis of the bend test results, since
this technique is completely independent of any
knowledge of population variances, other than assuming
that the information is contained within the raw data

obtained during the course of the experiments.

Further details of the Welch Test and its application

can be found in the literature(4) .

Effect of Pre-cleaning and Zinc Thickness on Bend Angles

The results of the statistical analyses are shown in
Table VI. The commercial pre-cleaning treatment in
inhibited acid produced a statistically significant

‘reduction of 3° in the bend angle.

Such a reduction in ductility would not be likely to

prove significant in practice, however, especially since
examination of the frequency distribution (Fig. 4) shows
that the low angles characteristic of severe embrittiement

were'completely absent.

In general, the degree of embrittlement produced by zinc

plating was not significantly influenced by the thickness

of the zinc deposit.
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Effect of Baking Time on the Bend Angles of Zinc Plated
Strips

The results of the statistical analyses for the Zn2 and

Znl0 plated strips are shown in Table VII and VIII respectively.

The analyses indicate that, in the absence of de-embrittlement,
zinc plating always resulted in a significantly reduced
ductility.

There was no improvement in the ductility of either the

7n2 or the ZN10 plated strips after baking for 2 hours, nor
of the Znl0 plated strips after baking for 18 hours. The Zn2
plated strips showed a significant improvement in ductility

after baking for 18 hours, however.

These findings do not conform entirely to those of earlier
work at SRAMA into the effects of baking time upon the
ductility of similar zinc plated carbon spring steel strip,
where it was found that a 2 hour bake at 190/2000C was as
effective as a 24 hour bake in alleviating hydrogen
embrittlement(l).

The present results are in agreement with those of the
earlier work, however, in that the ductility of the
de-embrittled strip always remained significantly lower
than that of the unplated strip.

To throw further light upon these inter-relationships, the
raw bend test data was classified in terms of bend angle

as follows:

Description of Behaviour Bend Angle

in Slow Bend Test at Fracture
Not embrittled >109°

Slightly/Moderately ©_10a0°
Embrittled 807-109

o

Severely Embrittled <80
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The propcrtions of the appropriate data contained within
this classification are shown in Tables IX and X for the

Zn2 and Znl0 plated strips respectively.

Examination of the data thus classified confirms that
only the Zn2 plated strips showed any improvement in

ductility after baking for 18 hours.

The results also indicate that a proportion of all the
zinc plated strips still exhibited significantly impaired
ductility even after baking for 18 hours at 190/2000C.
This finding may require further investigation in future

work.

Examination of Fractures on Scanning Electron Microscope

A full examination of the appropriate fracture surfaces,
obtained during slow bend testing of the strips, was not
possible during this work due to the limitations imposed
by the time available. A selective examination was
therefore undertaken of typical fractures representative
of the untreated strip (Batch A) and the Zn2 "as plated"
strip {(Batch C}.

Scanning electron fractographs typical of those observed
for Sample A5 (Bend Angle 1100) and Sample C9 (Bend Angle

55°%) are shown in Figs. 6 and 7 respectively.

The fracture surface of Sample A5 displayed the dimpled
appearance characteristic of a ductile material. Sample

C9, by contrast, displayed fracture areas typical of the
brittle intergranular failure mode often associated with

the hydrogen embrittlement of high tensile steel,' especially
at those regions of the strip immediately adjacent to the

surface which was stressed in tension during bending.

These observations corroborate the findings of recent work
by Hirth et al, who investigatéd the effect of hydrogen
induced embrittlement upon the fracture mode of high

. tensile allby steels used_iﬂ screw fastener‘applications,
~where the principal stresses wou1d be_applied in uniaxial
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tension (5,6
One example of a spring steel embrittled by hydrogen was
provided, however, in the form of a zinc electroplated
685A55 alloy (Chromium~Silicon, ~ En483a) at a tensile
strength of 2200 N/mm2 which fractured in bending upon
the first load application, despite a post plating bake
of 190°C for 1 hour.

Typical steels examined experimentally included 527A60
(Carbon/Chromium, ~ En48) and 708A42 (Chromium/Molybdenum,
~ Enl9A), hardened and tempered to tensile strengths
within the range 600 - 2200 N/mmz.

These authors concluded that the steels which they examined
exhibited a progressively increasing sensitivity to the
effects of hydrogen embrittlement as the tensile strength.
increased above ~ 1000 N/mmz. Their work established that
the techniques of fractographic analysis on the Scanning
Electron Microscope were suitable for identifying hydrogen
induced brittle failures in these steels, and that such
analysis could indicate the presence of hydrogen embrittlement
even when the appropriate tensile mechanical properties

of the steels were unaffected. Furthermore, examination

on the scanning electron microscope of a hydrogen

embrittled 527A60 steel also revealed evidence of microcracks
existing at the embrittled surface of the steel(e). This
feature of surface microcracks may require some attention in
future investigations into the hydrogen embrittlement of

spring steels.

4. CONCLUSIONS

1.

The hydrogen content of the bulk strip, either with the zinc
in situ or with the plating removed, could not be correlated
with the level of ductility as represented by the angle of

bend at fracture during slow bend testing.

A significant correlation existed between the total hydrogen
content of the zinc plated strip and the thickness of the zinc

plate, suggesting that a significant proportion of the
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hydrogen was located in the zinc plate rather than in the

steel strip.

Electroplating with zinc always resulted in a significant
reduction in the ductility of the "as plated" strip. The
degree of embrittlement was not significantly affected by

the thickness of the zinc plate, however.

Irrespective of the zinc thickness, baking at 190/2000C,
for 2 hours did not produce any significant improvement
in the ductility of the plated strip.

The Z2n2 (Class C) plated strip exhibited a significant
improvement in ductility after baking at 190/2000C, for

18 hours.

The Znl0 (Class A) plated strip did not exhibit any
significant improvement in ductility after baking at 190/2000C

for 18 hours.

" Irrespective of zinc thickness, a number of the plated strips

still exhibited severe hydrogen embrittlement after baking
at 190/200°C for 18 hours.

Irrespective of treatment, the ductility of the zinc plated
and baked strips always remained significantly lower than

that exhibited by the unplated steel strip.

The techniques of fractographic analysis made possible by
the Scanning Electron Microscope are particularly
suitable for identifying hydrogen induced brittle fractures

in high tensile spring steels.

RECOMMENDATIONS FOR FURTHER WORK

1.

The results of the present work suggest that baking for

2 hours at 190/2000C will not significantly improve the
ductility of zinc plated carbon spring steel strips. This

is in contrast to the results of earlier work at SRAMA, which
suggested that a 2 hour bake was as effective as a 24 hour
bake in improving the ductility of a similar zinc plated

spring steel, Further work is required to establish the
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reasons for this apparent disparity of experimental

findings.

Further work should be carried out to throw further
light upon the finding that a number of the zinc plated
strips still exhibited severe embrittlement even after
baking at 190/200°C for 18 hours.

This aspect of the work should be pursued with some urgency,
since the finding is likely to be of particular significance
for the service performance of carbon and low alloy steel

springs which have been zinc plated for corrosion protection.

A full fractographic analysis of the appropriate fractures
should be undertaken on the Scanning Electron Microscope,
to establish more fully the character of fractures observed
in carbon spring steels which have experienced hydrogen

embrittlement.

The steel surface of the plated strip should also be
examined for evidence of microcracks developed as a

result of hydrogen embrittlement.
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TABLE I TREATMENTS USED FOR ASSESSMENT OF HYDROGEN EMBRITTLEMENT
RESULTING FROM ZINC ELECTROPLATING OF CARBON SPRING STEEL

STRIE.
BATCH IDENTIFICATION BATCH TREATMENT
A UNTREATED
B ACID CLEANED
C AS PLATED, BS 1706, Z2n2
D AS C, + 2 HOURS DE-EMRRITTLEMENT 190/2000C
E AS C, + 18 HNURS DE-EMBRITTLEMENT 190/2000C
H AS PLATED, BS 1706. Znl0
I AS H, + 2 HOURS DE-EMBRITTLEMENT 190/2000C
J AS H, + 18 HOURS DE~EMBRITTLEMENT 190/2000C

TABLE II SLOW BEND TEST RESULTS FOR CARBON SPRING STEEL STRIP

BATCH NUMBER OF MEAN BEND STANDARD
TESTS ANGLE DEVIATION
6 (degrees)
A 25 116.4 2.7
B 25 113.1 3.2
c 25 90.2 15.4
D 25 86.7 9.5
E 25 99.9 12.7
H 25 89.4 10.7
1 25 92.2 9.2
J 25 93.0 13.2




TABLE IIT ZINC THICKNESS OF ELECTROPLATED CARBON SPRING STEEL
STRIP

PARAMETER BATCH IDENTIFICATION

MEASURED

C D E H I J

Mean Zinc

thickness um 6.0 6.1 5.4 21.4 14.7 16.7

Standard
Deviation, um 1.0 7.8 0.7 1.4 1.4 3.6
No. of strips 25 25 25 25 21 13

tested.




pasiieue
|3 € 3 € € € € 3 € € £ € € 3 sdta3s
3o °*ON
cwed-d
1°0 6°0 170 9°0 1°1 €°0 9°C1 |s°¢ 6"V S S°¢ 0°S ¥°0 €70 Yuotr3ieTtasq
pIepueis
cwed-d
9° . 1 . . . . . . . . . . . FUS3UCH
A BVAL 2N 0z | 8¢z | € |tzs |1vy | 1oLy | 8791 | ST | L0 L°1 "1 UeboIpAN
ueay
say | say say | say siy | say sxy | sau
8T 14 81 4 81 4 81 4
peletd a3eTd a3eTd aje
2,00z/061 |FP2ot¢| og00z/061 [T2oT | oc00z/061 |PTae | oo00z/061 | PTol e
Je awtl Je sur3y Je awT3 e swTl
buyeg Butyeq butyeg Buted pouesTo | peatsosd | poansesy
pTovY sy Iajsweaed
01 uz ¢ uZ 01 uz Z uz
paddrx3s pue pajeld ouIgz pa3eId ouUTyZ
dra3g ree3s Hurtads Jo uoTITPUOD

dIdLS TIIALS ONIU4S NOFIVD J0 SISXTUYNY NIDOYUXH

AT JTEYL




66 SLTPSEVT _ Te30g
o) . . (XT0xI9)
z S 9% °GC1 L6 £€G°6917T Tenpyisay
o ene
(g s+ 0 %
*SUOTIRPUTqWOD SWTI3 FUSWRTIITIqUS-IP (UumTo) %3 O0T4d)
/SS?@uyOoTy3 uz Swos Y3Tm ATIUeDTITUBIS L°L 12°L96 1 12°L96 SWTL X ugz
saTIea oTbuy pusd °$66 I IURDOTIJFTUDTS uoT3orIajuUI
o} ‘0"
m.ﬁu.m + ¢z Qmu + Nom I°q) o1bue
pusq uocdn 3dUSINTIUT JULDTITUDTS Sey SwWIZ . . . (suumToD)
JUSWATIFITIqWE-9G '35 66 I® JURDTIITUDLS L6 to°gret T to°gret S9WT] usaoM3Og
TIVN0S NVAW Ad JILYWILSH OILvd qIvN0s Zoawwm& MMMMMMm NOILVIYVYA
d Y :
ONVI¥VA J40 SININOJWOD UNY JONYIIJINOIS HONYIIVA NYIW SATIOEA AELOTI0D 40 JOdNO0S

2000Z/061 IV SYNOH 81 ANV SYAOH Z ¥OJ QANVL SJI¥LS TFALS

ONI¥dS NO'¥VD JILVI4 0TUZ UNV ZUZ 40 SATIMAJONd ISAL ANId MOTS ¥OJd VAONY A¥M € JO SITNSTA

A FTAYL




*dTa3s Qruz °2Y3 pue
dra3s guz ay3 3o A3ITTTIOND dY3 UT SOUSISIITP
JUEDTITUDTS Ou sem dI3Y3 ‘o3eq INOY g1 Id3IIV $G6> 144 8% °0 88°1 L+ 4
*dTI3s zuz 92Yy3 IO eyl ueyl
I9339q AT3uedTITubys usaq aary Aew draszs
0Tuz @Yz 3o A3TTT3IOoNp 3ayjz axeq Inoy gz I933Iv $G6< &4 ¢s°0 80°¢ I +d
*sdta3ys , po3erd
se, @Yz 3o A3TTTIONP JO UOTIONPaAI Y3
U0 309339 JUEDTITUDTS OU pey SSaUNDTY3F DUTZ 306> ve L9°0 12°0 H+ O
A3TTITIONP UT UOT3IONPAI JURDTITULTS e pasned
UoT3INTOS PTIO® Pa3TqTYUT Y3z Tm butuesa[d-axg $66< 144 (42" v6°¢ g + ¥
(a="n)
WOoaagyd aMAYdWwod
SNOISOTIONOD HJONVOIJINDIS Jo Yy M SAHOLYE
SATYDIA
*dIYLS TIILS ONIYdS NOgdV) J0 SHILIIJ0Edd
LSdL dNIg MOTIS AHL NO SINIWLVIIL ONIMNVE/ONILVTId ONIZ ANV ONINVITO-IId J0 SIOIJId IA JT9VY.L



%66< ve ¥0°0 SE°9 . d+ ¢
*sdra3s pejerdun ay3 3O eyl ueyly
Iom0T AT3zueoryTubrs sem sdrazs poajzeid aysz 3o
A3rTT3oNnP 8yl sanoy g1 o3 dn 103 Hbuydeq I1933IV¥ $66< ve L0°0 | vOo°ST| 4 + ¥
*A3TTT30NP
paaoadut AT3uedi3Tubrs oxeq anoy gl %86< ve 09°0 133 24 T+ D
*A3T1T30MNP
9a0xduT AT3UROTITUDTS 3JOU PTP aeq Inoy g 306> ve L o L6°0 a+?od
*A3TTTIONP UT uoT3oNpax
3uedTITUbTSs ATubty ® Aq pesuneo butjzerd (g) ug $66< ve €0°0 8¢°8 O+ ¥
WOQaIdd AIVYINWOD
SNOISNTIONOD HONUVDIJINDIS a0 y M SEHOIVE
SHIIDEHA
SdIYLS TIHILS ONIMAS
NOEHVYD QAIVId ZUZ 40 SHIIHIAJOYd ISAL dANAd MOIS NOdA SINIWIVIIL ONIMYE J0 LOdJJd TIIA HTEVL




*sdra3s

po3eTdun ay3 3o 3Jeyl ueyiz IamMOT ATjuedT $66< ve v0°0 | 89°8 L+ Y
-JTubts sem sdrals pojzerd ay3z Jo L3TITIOoNp
2y3 sanoy g1 03 dn 103 buTieq I1933Y %$66< ve 80°0 | Z9°C1 I+ Y
"A3TTTIONP
onoxdwt AT3uUedTITULBTS 30U PIP @3eq Inoy gl $06> ve 0v°0 | 90°1 L+ H
A3TTT30MPD
anoadwt AT3uedTITubTsS 30U pPTP ¥eq INOY g $06> ve LS°0 | 660 I+ H
*A3TTT3OoNP UT UOT3ONpaI
JuedTyTubts ATybTy ® pasned burzerd (Q1) uz $66< ve 90°0 | €2°CT H+ ¥
(°a=Ta)
Woazadd THY
SNOISNTONOD FONYOIJINDIS J0 y M ommmmwmm
SATIOAA
*SdI¥LS TdALS SNI¥IS
NOENVD Q3ALVYTd 0TUZ J0 SATIMAJONd LSAL ANAE MOTS NOAN SINIWIVAIL ONINYE J0 IDFddd  IIIA TTILYL




TARLE IX CLASSIFICATION OF SLOW BEND TEST RESULTS FOR Zn2
PLATED CARBON SPRING STEEL STRIPS.

% of Samples in Embrittled Groups*
Batch
Identification Not Slight-Moderate Severe
Embrittled Embrittlement Embrittlement
A 100
B 88 12
C 80 20
D 80 20
E 4 88 8

* (Classification of Slow Bend Test Data

Not embrittled: >109°
Slight-Moderate: 80° - 109°
Embrittlement

Severe

Embrittlement: <80




TABLE X CLASSIFICATION OF SLCW BEND TEST RESULTS FOR 2n1l0

PLATED CARBON SPRIWLG STEEL STRIPS.

$ of Samples in Embrittled Groups*
Batch
Identification Not Slight-Moderate Severe
Embrittled Embrittlement Embrittlement
A 100
B 88 12
H 84 16
I 88 12
J 88 12

* Classification of Slow Bend Test Data

Not Embrittled: >109°
Slight-Moderate: 80° - 109°
Embrittlement

Severe

Embrittlement: <80
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Fig. 6 x 1440
Scanning Electron Fractograph
of Unplated Strip showing
Ductile Dimpled Fracture.
(Sample A5, Bend Angle = 110°).

x 1220
Scanning Electron Fractograph
of Zinc Plated Strip showing
typical intergranular fracture
due to hydrogen embrittlement.
(Sample C9, Bend Angle = 55°)



