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Influence of anisotropy of mechanical properties on hydrogen

induced cracking

Wplyw anizotropii wiasciwosci mechanicznych na podatnos¢ na pekanie wodorowe

Hydrogen induced cracking is a form of wet H,S cracking. Blistering
or crack propagation is a result of the mechanical tearing of material
by high-pressure hydrogen gas forming on internal material
discontinuities, like non-metallic inclusions. This failure mechanism
is typically associated with low and medium-strength pipeline
steels, however, it does also occur in high-strength rolled wire. This
evaluation aims to elucidate the mechanism of this susceptibility.
The characteristic failure pattern where cracking occurs near the wire
centreline and propagates perpendicular to the rolling direction leads
to believe that the wire anisotropy, developed during cold rolling, plays
a critical role. A mechanical property — flow resistance in principal
directions — was measured using the Wheeler and Ireland technique.
It was found that the “weak” direction is perpendicular to the crack
propagation direction. The failure rate does not correspond to the flow
resistance, but rather to the flow resistance ratios. It is proposed that
those ratios are not only a measure of anisotropy but also a measure
of microstructural damage inflicted by the cold rolling process. This
microstructural damage is partially reversible by heat treatment
processes.

Keywords: hydrogen induced cracking, flow resistance, anisotropy,
cold rolled wire

1. Introduction

Rolled wire is used, among others, in the construction of
unbonded flexible pipe to APl 17J [1] standard used for sub-
sea and offshore developments. The flattened shape allows for
tighter packing of steel layers. In this application corrosive gasses,

Pekanie wodorowe jest mechanizmem degradacji czesto zachodzg-
cym w srodowiskach korozyjnych, w ktdrych wystepuje siarkowodor.
Propagacja peknie¢ postepuje na skutek fizycznego rozrywania ma-
teriatu przez czqsteczkowy wodor pod wysokim cisnieniem, tworzqcy
sie na nieciggtosciach wewnetrznych, takich jak na przyktad wtrgcenia
niemetaliczne. Praca badawcza dotyczy mechanizmu pekania wysoko
wytrzymatego ksztattowego drutu stalowego. Drut peka w charaktery-
styczny sposob: pekniecie tworzy sie w poblizu srodka drutu i propaguje
réwnolegle do ptaskich powierzchni. Obserwacja ta kaze przypuszczac,
Ze propagacja zwiqzana jest z anizotropiq wtasciwosci mechanicznych
drutu. Anizotropie zbadano jako opdr ptyniecia plastycznego materiatu
pod wgtebnikiem twardosciomierza metodqg Wheelera i Irelanda. Zaob-
serwowano, ze pekniecia propagujq prostopadle do kierunku, w ktérym
wystepuje najmniejszy opor ptyniecia. Pekanie podczas testéw w srodo-
wisku korozyjnym z siarkowodorem nie jest skorelowane bezposrednio
z oporem plyniecia, a ze stosunkiem opordw pftyniecia w dwu kierun-
kach, a wiec miarq anizotropii. Z badan wynika, ze proces walcowania
na zimno powoduje uszkodzenia mikrostruktury, ktére mozna szaco-
wac miarq anizotropii wtasciwosci mechanicznych drutu i ktdre sq cze-
sciowo odwracalne w procesie obrébki cieplnej.

Stowa kluczowe: kolumna destylacji atmosferycznej ropy naftowej,
korozja gdrnej czesci kolumny atmosferycznej, hydroliza chlorkéw
organicznych i nieorganicznych

including H,S, can diffuse through a polymer barrier. As such,
the standard requires a wire resistant to degradation mechan-
isms caused by this environment, in particular, to Hydrogen In-
duced Cracking (HIC) and Sulphide Stress Cracking (SSC). This
investigation focuses on Cold Rolled (CR) wires which failed sour
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Fig. 1. An example of wire cross-section etched with Nital with a HIC near
the centreline. Etching reveals a “X” pattern near diagonals related to plastic
deformation during the cold rolling process
Rys. 1. Przyktadowy zgtad ujawniajacy pekniecie wodorowe w poblizu osi dru-
tu, trawiony Nitalem. Trawienie ujawnia wzér X" miedzy przekatnymi profilu,
zwigzany z procesem walcowania na zimno

testing by HIC. HIC is typically associated with low-strength pipe-
line steels and it seldomly occurs for X80 and higher-strength
pipeline steels with UTS above 700 MPa. ASM Handbook [2]
defines it as “the cracking in low-to medium-strength steels in
the absence of applied stress where the driving force for crack
propagation is molecular hydrogen pressure build-up within
the crack” High strength steels are naturally more resistant to
this degradation mechanism. In rolled wires, HIC occurs near the
centreline and propagates perpendicular to the wire width as
shown in Fig. 1. This pattern indicates the existence of an easy
crack propagation path.

Majority of the publications on the flexible pipe wires focus on
a corrosion behaviour primarily iron supersaturation and H,S con-
sumption [3]. When testing is performed in conditions replicating
the annulus, there is a beneficial effect of very low H,S additions
reducing the corrosion rate [4, 5], as compared to pure CO,. How-
ever, the acetic ions present in NACE TM0177 solution B prevent
formation of the protective scale thus the acceptance testing is
much more aggressive than the field conditions.

The flow surface was determined by the technique by Lee and
Backofen [6], based on Wheeler and Ireland approach [7, 8]. The
technique analyses the stress state under the indent as a sum of
hydrostatic pressure and shear stress. The deviatoric stresses are
defined as:

(M

where 0,, 0,, 03 are the principal stress and o is the hydrostatic
stress given as (2):

)

For plane strain conditions Huber-Mises-Hencky hypothesis correl-
ates flow surface to the stress state as (3):

(3)
This can be transposed to (4):

4)
The material flow surface is constructed from the six KHN val-
ues obtained from the indentations made along two directions of
each of the three orthogonal planes of material’s principal axes. The
weights a, depend on the indentation diagonals ratio 6. For the Knoop
indent it is approximately 7 : 1. The values of a for each indent orienta-
tion a—f and are given as (5):

(5)

Each indent on the flow surface has two coordinates
[ ]. Determination of the
plastic flow properties in Z-Y plane was achieved by rotation. In
practical terms the new order of indents is d, ¢, b, a, f, e.

2. Experimental procedures

2.1. Material

The wires for this evaluation were high-carbon steels. Among the
16 samples tested (A-P) there were three wire grades:
— SR:861-1034 MPa UTS cold rolled and stress relieved 0.60-0.65% C
(3 samples),
— TE: 1310-1482 MPa UTS cold rolled and tempered 0.65-0.75% C
(1 sample),
— CR: 1310-1482 MPa UTS cold rolled 0.60—0.70% C (12 samples).
Cold rolling of hot rolled wire with ultrafine pearlitic microstruc-
ture was carried out in a way that the total reduction of wire cross-
-section was about 50% for all wire grades. The wire profile final
dimensions varied from 9 X 3 to 12 X 7 mm. The stress-relieving
process was carried out in a hydrogen protective atmosphere at
about 400°C for a few hours. The wire grade TE was subject to
a rapid recovery heat treatment [9]. The recovery heat treatment
consisted of rapid heating to above 600°C, hold time was below
5 seconds, and was followed by rapid cooling.

2.2. General microstructure evaluation

The general microstructure of tensile wire was revealed by etch-
ing with 5% ammonium persulfate (NH,),S,05 with addition of
0.05% EDTA in water. Etching time 5-20 seconds. Observations
were carried out using Leica DM4000 M LED at 500x optical mag-
nification.

2.3. Experimental procedure

Samples were prepared by cutting each wire sample in three
perpendicular planes intersecting the wire centreline, mounting
in resin, grounding, and polishing. Knoop hardness was measured
using LECO LV 700AT at 10 kG load in 6 orientations marked ‘a’ to
‘f’ The cutting plan, indentation orientations, and markings are
shown in Fig. 2.

Two indentations were performed in each of the six orientations.
The average of the two was subsequently used for the calculation
of points along the KHN flow resistance surface. An example of the
flow resistance surface representation of sample P is shown in Fig. 3.

2.4. Sour service testing

Tests consisted of 30-day immersion testing of five samples
pre-stressed by four points bending to 0.5% total elongation in
outer fibres. The testing solution was NACE TM0177 modified
to contain 3.5% NaCl, saturated and continuously bubbled with
a gas mixture of H,S and CO, at atmospheric pressure. The partial
pressure of H,S within the gas mixture was up to 1 mbar. After the
test samples were subject to a visual and magnetic particle in-
spection, followed by ultrasonic testing and microscopic inspec-
tion of sectioned wire.
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Fig. 2. Wire-cutting plans and Knoop indentation orienta-
tions (letters in boxes indicate the indent identification let-
ter); principal axis naming is shown in the isometric view

Rys. 2. Plan ciecia i orientacje wgtebnika (oznaczone litera-
mi w prostokatach); gtéwne kierunki zaznaczono w rzucie
izometrycznym

Fig. 3. Plane intersections of the flow resistance surface of sample P: black - intersection with the X-Y
plane, grey - intersection with the Z-Y plane; the values of the flow resistance in the principal direc-
tions are the intersection points with the coordinate system axis

Rys. 3. Przeciecie powierzchni oporu plastycznego ptyniecia z pfaszczyznami dla prébki P: czarna przerywana
linia — przeciecie z ptaszczyzna X-Y, szara ciggta linia — przeciecie z ptaszczyzna Z-Y; warto$ci oporu plastycz-
nego ptyniecia w gtéwnych kierunkach oznaczono jako punkty przeciecia z osiami uktadu wspoétrzednych

Fig. 4. General microstructure of wire grade SR: a) microstructure in Z-X plane, % wire thickness above the centreline; b) microstructure in Y-Z plane, ¥ wire thickness

above the centreline; ¢) microstructure in Z-X plane, near the centreline

Rys. 4. Mikrostruktura drutu SR: a) mikrostruktura w ptaszczyznie Z-X, ¥4 grubosci drutu nad osig drutu; b) mikrostruktura w ptaszczyznie Y-Z, V4 grubosci drutu nad osig

drutu; ¢) mikrostruktura w ptaszczyznie Y-Z, w osi drutu

2.5. Microstructure evaluation of centreline segregation
Aretrospective microstructure analysis was carried out to determ-

ine the source of the measurement error inconsistency. The follow-

ing etching procedure was used to reveal centreline segregation in

CR wire grade:

1. Electrolytic etch in 20% KOH saturated with picric acid at 8V for 40 s.

2.0.5% Nital 3-5 s.

3. 40 ml glycerin (waterless), 3 mI HNO;, 6 ml HF 5-10's.

For SR and TE wire grades using the third step of the procedure

was sufficient. Additional microhardness tests at 300 gf load were

carried out using a Zwick ZHVp hardness tester.

3. Results

3.1. General microstructure

The microstructure of sample A is representative for wire grade SR.
The microstructure is pearlitic-ferritic with partial spheroidization
of pearlite. The grains are axially elongated as shown in Fig. 4a. The
microstructure is deformed also in the width direction. The deforma-
tion in the centreline is greater that in  thickness location as shown
in Fig. 4c and 4b, respectively.

The microstructure of sample D, wire grade TE consists of fine
partially spheroidized pearlite. The elongation along the wire axis is

evidenced in Fig. 5a. Width wise deformation of grains is relatively
smallin ¥4 thickness location but becomes evident near the centre-
line as shown in Fig. 5b and 5c¢, respectively.

The microstructure of sample L, representative of wire grade CR
consists of fine pearlite and allotriomorphic ferrite. The elongation
along the wire axis is evidenced in Fig. 6a. Width wise deformation
of grains is negligible in % thickness location but becomes evident
near the centreline as shown in Fig. 6b and 6¢, respectively. A part
of the centreline segregation region with lower deformation and
with reduced ferrite content is visible at the top of the later picture.

3.2. Hardness measurement error

The measurement error was normalized by expressing each
measurement error as a percentage deviation from the average KHN
hardness measured for each wire sample and each orientation. The
standard deviation of normalized measurements was calculated for
each indent orientation. The standard deviation was multiplied by
the t-Student value for 95% confidence and presented in Table 1 as
the measurement error.

It was found that a significant measurement error was ob-
served forindent orientation d. The etching of samples after indent-
ation revealed a dark etching region interpreted as a centreline se-
gregation from the continuous casting process. In some samples,
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Fig. 5. General microstructure of wire grade TE: a) microstructure in Z-X plane, % wire thickness above the centreline; b) microstructure in Y-Z plane, % wire thickness

above the centreline; ¢) microstructure in Z-X plane, near the centreline

Rys. 5. Mikrostruktura drutu TE: a) mikrostruktura w ptaszczyznie Z-X, ¥4 grubosci drutu nad osig drutu; b) mikrostruktura w ptaszczyznie Y-Z, V4 grubosci drutu nad osig

drutu; ¢) mikrostruktura w ptaszczyznie Y-Z, w osi drutu

Fig. 6. General microstructure of wire grade CR: a) microstructure in Z-X plane, ¥ wire thickness above the centreline; b) microstructure in Y-Z plane, ¥ wire thickness

above the centreline; ¢) microstructure in Z-X plane, near the centreline

Rys. 6. Mikrostruktura drutu CR: a) mikrostruktura w ptaszczyznie Z-X, ¥4 grubosci drutu nad osia drutu; b) mikrostruktura w ptaszczyznie Y-Z, V4 grubosci drutu nad osig

drutu; ¢) mikrostruktura w ptaszczyznie Y-Z, w osi drutu

Table 1. Normalized measurement error for Knoop hardness in each orientation
Tabela 1. Znormalizowany btad pomiaru twardosci Knoopa dla kazdej orien-
tacji wgtebnika

Orientation a b C d e f

Measurement error [%]

Fig. 7. Microstructure evaluation of sample P (the centreline segregation is out-
lined in white dotted line); Knoop indents are in orientation d; microhardness
survey shows Vickers HV0.3 results

Rys. 7. Mikrostruktura probki P trawiona w celu ujawnienia segregacji powstatej
podczas odlewania (obszar segregacji zakreslono biatg kropkowana linig); odciski
twardosci Knoopa w orientacji d; na rysunek naniesiono wyniki pomiaréw mikro-
twardosci HV0.3

the segregation region was off-centre and did not interfere with
Knoop hardness indents. An example of microstructure in sample P
is shown in a photograph in Fig. 7. The centreline segregation was
outlined in magenta for visibility and was about 500 pm wide and
300 pm high. Microhardness evaluation showed elevated hardness

Table 2. Summary of flow resistance in tension and compression in principal
directions and failure rate in a sour test

Tabela 2. Zestawienie wynikow oporu plastycznego plyniecia w gtéwnych
kierunkach rozciagania i sciskania

Sample | Grade | Size X X Y =\ Z —Z |Failure
ID [mm] | [KHN] | [KHN] | [KHN] | [KHNI | [KHN] | [KHN] | rate
A SR | 9%x3 | 320 | -300 | 320 | —-320 | 290 | —300 0
B SR [12x4| 320 | =300 | 310 | -310 | 290 | —300 0
C SR | 12x4]| 310 | -300 | 320 | -320| 280 | —-300 0
D TE |[12x7| 400 | —400 | 400 | —400 | 380 | —400 0
E CR | 9x3 | 440 | —440 | 460 | -430| 340 | -390 | 1.0
F CR |[10x5| 460 | —380 | 400 | —-450 | 360 | —400 | 0.2
G CR |10x5| 480 | —420 | 410 | -410| 370 | -370 | 0.6
H CR | 10x5| 430 | —400 | 400 | -400 | 340 | -360 | 0.2
| CR | 12x4| 420 | -380 | 420 | -370 | 330 | —400 | 04
J CR [12x6| 460 | —440 | 440 | —440 | 360 | —440 | 0.6
K CR [12x6| 480 | —420 | 420 | —-420 | 380 | —400 | 0.2
L CR |12x6| 460 | —420 | 415 | -460 | 415 | —415 | 0.0
M CR |12x7| 420 | -390 | 400 | -390 | 380 | —410 | 0.2
N CR |[12x7| 480 | —420 | 440 | -420| 370 | -420 | 04
0 CR [12x7| 500 | —420 | 440 | -440 | 360 | -430 | 0.8
P CR | 12x7| 470 | —410 | 430 | -430| 380 | —410 | 06

within this region, up to 523 HV10, compared to 426-462 HV10 in
the microstructural region adjacent to it.

3.3. Flow resistance and sour service performance
The flow resistance in tension and compression in primary dir-
ections is summarized in Table 2 along with a normalized
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Fig. 8. Plot of the flow resistance X and —X for grade CR

Rys. 8. Wykres oporu plastycznego ptyniecia w kierunku X: rozciggania (X) i $ci-
skania (—X) dla drutu CR

Fig. 9. Plot of the flow resistance X and the wire aspect ratio — no correlation
between the two variables

Rys. 9. Opdr plastycznego ptyniecia i kierunku X nie wykazuje korelacji z propor-
cjami przekroju drutu

sample failure rate. In the convention of this paper, compression
is indicated by a minus sign. All sour test failures were caused
by HIC.

All wire grades were shown to be anisotropic. It was found that
flow resistance in the Z direction is the lowest for all wires. Wire
grade TE was the least anisotropic showing 5% lower flow resistance
in the Z direction than in the X direction, 380 and 400 KHN respect-
ively. For wire SR the average flow resistance in the Z direction is
287 KHN, while the average flow resistance in the X direction is
317 KHN; a 10% reduction. For grade CR the average flow resistance
in the Z direction was 366 KHN, while the average in the X direction
was 460 KHN; a 20% reduction.

The flow resistance in the X direction should correspond to the
tensile strength limits for the given wire grade:

Fig. 10. Plot of the flow resistance Y and the wire aspect ratio - the flow resistance
appears to increase with the increasing wire aspect ratio

Rys. 10. Opér plastycznego ptyniecia i kierunku Y wykazuje korelacje z propor-
cjami przekroju drutu

Fig. 11. Plot of the flow resistance Z and the normalized sour test result showing
no correlation for the CR grade wire

Rys. 11. Opor plastycznego ptyniecia i kierunku Z nie wykazuje korelacji ze znor-
malizowanym wynikiem testéw korozyjnych drutu CR

(6)

For grade SR the measured flow resistances 310-320 KHN were
within the expected 263-326 KHN range. For grade TE, the meas-
ured flow resistance of 400 KHN was within the expected 400-
453 KHN range. For grade CR, the measured flow resistances 420
to 500 KHN were higher than the minimum expected 400 KHN,
but 8 out of 12 samples exceeded the maximum expected value
of 453 KHN.

For most samples of grade CR, the tensile flow resistance in the
X direction was significantly higher than the compression flow
resistance, as shown in Fig. 8. It seems that the wire aspect ratio,
defined as the wire profile width to height, does not affect the cen-
treline flow resistance in the X direction, as shown in Fig. 9.
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Fig. 12. Plot of the flow resistance ratio Z/X and the normalized sour test result
showing an inverse correlation

Rys. 12. Korelacja wynikéw testéw korozyjnych drutu CR ze stosunkiem oporéw
plyniecia w kierunkach Z i X

The flow resistance in the Y direction was higher than in the Z dir-
ection for all samples tested. In two cases the flow resistance in the
Y direction was higher than in the X direction. On average for wire
grade, CR flow resistance in the Y direction was 422 KHN; an 8% re-
duction from the average flow resistance in the X direction. The flow
resistance in the Y direction appears to increase with the increasing
aspect ratio, as shown in Fig. 10.

Statistical tests showed no correlation between the failure rate
and the flow resistance in any principal direction for the wire grade
CR. An example of the flow resistance in the Z direction plotted
against the failure rate is shown in Fig. 11. A linear trend for im-
proved sour resistance of grade CR was observed with the increas-
ing flow resistance ratio Z/X, as shown in Fig. 12.

4, Discussion

Analysis of the measurement errors shows they are acceptable.
The other successful use of Wheeler and Ireland technique repor-
ted in the literature by Ankamma [10] were applied to the materials
with a uniform distribution of chemical composition and cold work.
The authors carried out 15 measurements in each orientation using
100 gf load. The resulting measurement error up to 5% is compar-
able with the one obtained in this work. For the wire material the
measurement error can be further reduced by etching samples to
reveal the segregation and then placing indents outside of the cen-
treline segregated region.

The measured flow resistance in the X direction corresponds
well with the expected tensile strength of wire grades SR and TE.
The performed evaluation was insufficient to perform validation
of the Wheeler and Ireland technique for rolled wires. Especially
after the flow resistance of grade CR turned out to be higher than
expected. It may be of future interest to correlate the KHN flow resist-
ance with the results of micro-tensile tests.

The measured flow resistance supports the hypothesis that
the Z direction is a “weak” direction and thus an easy path for HIC
propagation. The flow resistance in the Z direction does not statist-
ically correlate with the failure rate. However, as a measure of an-
isotropy, the ratio of the flow resistances Z/X does show an inverse
correlation with the failure rate.

The findings of this investigation point toward a hypothesis that
Z/X anisotropy is a measure of damage accumulation within the
wire centreline. It can be speculated that this damage is of the type
that can be reversed by heat treatment. HIC propagation occurs
not only by mechanical tearing of material in a weak direction but
by more complex interaction which includes the factor of micro-
structural damage.

There seem to be other independent variables responsible for
the wide spread of measured data points. It can be speculated that
controlling those factors would allow CR wire grade to limit damage
accumulation and decrease the failure rate.

5. Conclusions

The following can be concluded from this investigation:

— The microstructure of all wire grades is deformed axially and
width wise, the highest deformation was observed near the cen-
treline.

— The Wheeler and Ireland technique proved useful in evaluating
the anisotropy of rolled wires.

— Measured flow resistance in the X direction corresponds well
with wire UTS for grades SR and TE.

— Majority of measurement errors came from indents in orientation d.
There is a potential to improve the technique described therein by
avoiding placing indents in the centreline segregation region.

— All wires are anisotropic, showing the lowest flow resistance in
the Z direction. HIC propagates in a plane perpendicular to that
direction. Anisotropy was shown to be reduced by heat treat-
ment processes.

— Flow resistance in the Z direction, nor any other, corresponds
with the failure rate.

— For the flow resistance ratio, the Z/X correlation with the failure
rate was found. It is interpreted that those ratios are a measure of
microstructural damage caused by the cold rolling process.
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