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 ABSTRACT. 

Oil and gas piping systems suffer from acoustically induced vibration, AIV, that end with 
hearing losses and consuming personnel’s lives.  However, Leak-Before-Break (LBB) 
methodology was developed to mitigate failure, the primary piping systems exhibit an 
extremely low probability of rupture (xLPR). For understanding of piping failure mechanisms 
under AIV, 3-point bending tests are conducted to study structural integrity in oil/gas piping 
(ASTM A333 Carbon Steel GR.6 Seamless).  Besides, for ultra-fast surface hardening and 
strengthening, a non-traditional powder pack boronizing technique is introduced at 950oC for 
10 and 30 minutes.   Mechanical characterization as well as microstructural analysis are 
conducted for continuous and incremental bending tests.  In addition, FE modeling, ANSYS, 
is conducted on actual “case study” of oil/gas piping to study the changes in dynamic 
characteristics for both as-received (AR) and boronized steel Under AIV(173 dB).  Failure 
mechanisms is established in AR sample with clear banding and early localized micro-
plasticity at 0.2 flexural stress (f).  Void coalescence induce crack initiation at 0.3 f.  Crack 
propagation (at 0.5f), crack evolution (at 0.7f) and catastrophic failure are captured.  
Boronizing with the diffusion of Boron into the outer surface dominate functional-graded 
materials (FGM), with surface and bulk hardening.  Surface hardening via boronizing 
mitigate fracture mechanisms with no clear micro-plasticity, but with clear twinning and 
banding elimination.  In addition, to investigate the sustainability of piping and the effect of 
boronizing, under AIV, FE modeling is introduced with two different steel piping systems 
(AR with strength 580 MPa, and boronized steel with strength 1390 MPa).  Failure mitigation 
is introduced with the increase of endurance limit as well as increase of piping life.  
 
Key Words: Acoustic Induced Vibration (AIV), Banding, Boronizing, FE Modeling, FGM, 
Failure Mechanisms, LBB, Life Extension, Mitigation of Failure, Twinning, xLPR. 
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   حت ذية للنفط / الغاز تلافي الأنابيب الفو نهيار وتزيد عمر الاستخدام البورون تخفف من الإب تغطيةلا
 تأثير الإنبعاثات المسموعة
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 الملخص: 
ياة  ، والتي تنتهي بفقدان السمع واستهلاك ح AIVتعاني أنظمة أنابيب النفط والغاز من الاهتزازات الناتجة عن الصوت ،  

الكسرعاملال قبل  التسرب  منهجية  تطوير  تم   ، ذلك  ومع  ت (LBB) ين.  حيث   ، الفشل  من  الأنابيب  للتخفيف  أنظمة  ظهر 
، تم إجراء اختبارات الانحناء   AIV لفهم آليات فشل الأنابيب بموجب (xLPR) . اية للتمزقمنخفضة للغ  يةية احتمالالأول
أنا  ٣من   في  الهيكلية  السلامة  لدراسة  الغازنقاط   / النفط   ASTM A333 Carbon Steel GR.6) المستخدمة  بيب 

Seamless)   .   م  ، ذلك  جانب  ت إلى  أجل  فا غطن  بسرعة  السطح  وتقوية  تقنية  ئقية  تقديم  تم   ، غير ب البالتغطية  ة  ورون 
البنية      دقيقة.  ٣٠و    ١٠درجة مئوية لمدة    ٩٥٠التقليدية عند درجة حرارة   تم إجراء التوصيف الميكانيكي وكذلك تحليل 

الأنابيب   لاختبارات  والمتالإنحناءات  –المجهرية  إلى  قطعةالمستمرة  بالإضافة  إجراء.  يتم   ،  م بإستخدا، FE نمذجة  ذلك 
ANSYS لفولاذ  ، على "دراسة حالة" فعلية لأنابيب النفط / الغاز لدراسة التغيرات في الخصائص الديناميكية لكل من ا

 AR في عينة  نهيارآليات الإ  دراسةديسيبل). تم    ١٧٣( AIV والفولاذ البورونى تحت  (AR) البورون المستلمالمغطي ب
يؤدي الاندماج الفارغ إلى بدء  ) .f (إجهاد الانحناء  ٪٠٫٢المبكرة عند    يةواللدونة الدقيقة الموضعت الواضحة  مع النطاقا

ثم    )    f  ٧٠٫%تطور الشقوق (عند  تم إكتشاف  ) ، وf  ٠٫٥%(عند    الشروخانتشار    تم التقاط  .f   ٠٫٣% عند    شروخال
الكارثي التغطية.  المفاجئ  الفشل  البورون    ىإلالبورون  ب  تؤدي  الخارج  عليانتشار  ويؤدي  ي  السطح  تكوين   إلىتدريجيا 

تخفيف    إلىالخارجي يؤدي  ، مع تصلب السطح والكتل. تصلب السطح   (FGM) المواد المتدرجة الوظيفية  -مواد مركبة
الكسر   بآليات  التصلد  التوأمة والنطاقوزيادة  لدونة دقيقة واضحة ، ولكن مع إزالة  الواضحةالبورون مع عدم وجود   ات 
(Banding)استدامة الأنابيب وتأثير البورون ، في إطار  ذلك ، للتحقق منى  . بالإضافة إل AIV   تقديم نمذجة ، تم FE   مع

يتم تقديم   .(ميجا باسكال ١٣٩٠البورون بقوة  بميجا باسكال ، والفولاذ  ٥٨٠بقوة   (AR) نظامين مختلفين للأنابيب الفولاذية
    . )الأنابيب عمر  ةد زيادة حد التحمل بالإضافة إلى زياتخفيف الأعطال من خلال 

  : مفتاحيةالكلمات ال  
التسرب ، آليات الفشل ،  لمركبة المتدرجةاالمواد  ،   FE، النطاقات ، البورون ،   (AIV) الاهتزازات المستحثة الصوتية 

 التمزق إحتمالية، التوأمة ، FE ، تمديد الحياة ، تخفيف الفشل ، نمذجة LBB قبل الكسر

INTRODUCTION 
Most probably, in petroleum and natural gas transportation pipelines, Vibrations are one of 
the main factors of causing fatigue failure. Excessive vibrations can lead to fatigue failure, 
they occur when a mechanical natural frequency of the piping system is excited by some 
pulsations or by a mechanical acoustic source [1-4]. Acoustic induced vibration, AIV, in 
piping may induce vibration shapes usually involve lateral vibrations and wall radial 
circumferential vibrations which can lead to fatigue failure. The pipelines are exposed to 
different kinds of severe vibrations such as the vibration which is due to large sound power 
level generated by the pressure relieving valves or blow down valves, in which high levels of 
high frequency acoustical energy is generated downstream the valve [5-6]. The sound power 
level is a function of the pressure drop across the device, the upstream pressure, the mass 
flow through it, the molecular weight and the temperature. This energy propagates 
downstream of the valve where the resulting vibration causes failure due to fatigue, 
sometimes in just hours of operation, this phenomenon occurs and cause a great human losses 
and economical losses [7-9]. However, The Leak-Before-Break (LBB) methodology, as 
described in NRC Standard Review Plan (SRP), was developed to mitigate failure. A General 
Design Criteria (GDC) requires that primary piping systems exhibit an extremely low 
probability of rupture (xLPR) in order to exclude dynamic effects associated with postulated 
primary pipe ruptures [10-11].  Many researchers carried out fatigue experiments using the 
austenitic SUS316 steel plates by repeated bending. Striations were observed with fine slip 
bands [12-13].  Powder-Pack Boronizing as a nontraditional method is introduced and 
investigated at different temperatures [14-16]. Besides, powder-pack boriding process on 
low-carbon stainless steel was carried out and investigated [17]. Moreover, the kinetics of the 
Boride Layers Obtained on AISI 1018 Steel by Considering the Amount of Matter Involved 



BORONIZING MITIGATE FAILURE MECHANISMS WITH EXTENDED 
LIFE IN OIL/GAS STEEL PIPING UNDER ACOUSTIC INDUCED VIBRATION (AIV) 

JAUES ,16,59,2021                                                                      254  

 

[18].  However, Fracture mechanisms need more investigation and recommended new 
solution to mitigate failure and extend lives. Three different objectives are considered; 1- 
study the kinetic of damage mechanisms in actual “case study” piping system (ASTM A333 
Carbon Steel GR.6 Seamless). 2- Mitigation of failure and ultra-fast surface hardening and 
strengthening of steel piping via non-traditional powder pack boronizing. 3- Micro 
mechanical modeling via ANSYS to conduct structural integrity and life prediction for two 
different materials, the as-received sample and the boronized samples under AIV.  
Mechanical characterization via tensile testing and 3-point testing (continuous and repeated) 
along with microstructural analysis via optical and scanning electron microscopy are 
investigated. 

EXPERIMENTAL WORK 
Boronizing, a non-traditional powder pack technique, is introduced at 950oC for 10 and 30 
minutes in an induction furnace.  A mixture of boric acid and borax in an equal weight is 
packed around steel samples (2 sets), heated in an induction furnace till 950oC, with two 
different holding times (10 and 30 minute), then air cooled.  Micro hardness test, Vickers 
hardness, is conducted on the AR samples and boronized samples (from the sample surface to 
the bulk sample center).  Boronizing reveals the ultra-fast surface hardening from 126 HV 
(AR) to 1792 HV (Boronized sample at 30 minute.  In addition, it reveals strengthening 
mechanisms that increase flexural strength (f), from   580 MPa to 1214 MPa for 10 minute, 
and to 1390 MPa for 30 minute boronized samples.  The kinetic of boronizing also reveals 
different fracture mechanisms.  No clear localized micro-plasticity is captured at the outer 
hardened surface that hinder slipping and mitigate the cracks.  Besides, twinning and 
elimination of banding from 100 % parallel to the surface (AR sample) to be 100% 
perpendicular to the surface that is captured from 0.5 f.  As received samples of the actual 
steel pipe (ASTM A333 Carbon Steel GR.6 Seamless) are sliced into two different test 
(continuous and incremental) for two different group (AR and Boronized). 

MODELING AND SIMULATION 

Modeling and simulation is also established via ANSYS to conduct a real design “case study” 
in oil/gas piping system under sound power levels 173 dB.   Sound acoustic source (pressure 
regulating valve (PRV)) is also considered as the root cause of failure at distance 3 meter duct 
length (of diameter=219 mm) to the header of diameter 610 mm. To investigate the 
sustainability of piping under different boundary conditions, micromechanical modeling is 
illustrated for the AR samples with strength of 580 MPa, and boronized steel with strength of 
1390 MPa).  Stress-Number of cycle to failure (S-N) is introduced and compared to reveal the 
importance of ultra-fast surface hardening and strengthening to mitigate failure and enhance 
endurance limit. 

RESULTS AND DISCUSSIONS 

Simultaneously repeated 3-point bending tests is conducted on sample (3x15x60 mm) and 
presented in Figure 1 (a) continuously, and (b) repeated bending.  The continuously repeated 
bending reveals clear softening and reduction of flexural strength (f) with reduction of 
corresponding strain; from 580 MPa, at 22% strain (Fig. 1a- test 1) to 220 MPa, at 2.0 % 
strain (Fig. 1b- test 9).   An incremental 3-point tests are conducted to reveal microstructural 
changes and fracture mechanisms via optical microscopy (Fig. 2 a-b) and SEM (Fig. 3 to Fig. 
8).  Fig. 2 presents optical microscopy with clear banding of  ferritic-pearlitic structure, that is 
parallel to sample surface (due to post forming processing) of the  as-received steel sample  
(a) at the sample surface, low magnification (10X),  and (b) at the sample bulk center, high 
magnification (20X).   

Figure 3 presents SEM of the early detection of localized micro-plasticity at  0.2 f.  localized 
micro-plasticity  demonstrates itself at the outer sample surface as; grain boundary flow (3 
m) and presistent slip bands, PSB,  of 5 m length, (Fig. 3a) low magnification, and (Fig. 
3b)  high magnification.  Figure 4 presents  SEM of Localized micro-plasticity that 
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demonstrate itself as  beach marks, striations, and void initiation,  in the AR outer sample 
surface, at  0.3 f (a) low magnification, and (b) high magnification.  Figure 5 presents  SEM  
of Crack initiation via void coalescence in-received steel sample at 0.3 f  (a) at equal spacing 
from the outer sample surface, (b) voids coalescence that induce crack initiation (high mag.).  
Figure 6 presents SEM of crack  propagation in as-received steel sample, aligned parallel to 
the outer surface  (a) low mag. (at  0.4 f)  , and (b)  transgranular at  0.6 f.   Figure 7 presents  
SEM of crack  propagation in as-received steel sample,  outer sample (a) at equal spacing 
from the outer surface  at  0.  7 f  (low mag.), and (b)  Trans  granular  at  0.9  f  (high  mag.).  
Figure 8 presenta catastrophic failure via SEM of as-received steel sample (a) two different 
zones; fatigue and rupture (low mag.), (b) beach marks and striations (high mag.)  at f. 
Boronized    3‐point  bending  samples  at  950oC    for  10  and  30 minute  are  established  and 
presented.    Figure  9    presents  stress  strain  diagram of  3‐point  bending  tests  of    samples  
boronized  at 950oC  for (a)  10 minute, and   (b) 30 minute holding time.   Boronizing at 950 
oC increases flexural stress from 580 MPa (AR sample)   to 1214 MPa at 10 minutes and to 
1390 MPa at 30 minutes.  Besides,  clear increase in strain from 22% strain (of AR) to 40 % 
strain  (boronized  at  10  and  30  minute)  with  clear  increase  of  yielding  stress  as  well  as 
Young’s modulus.    Figure 10 presents depth of    surface hardening   via boronizing of  steel 
A333 Grade 6 at 950oC for (a) 10 minute (~15 m), and (b) for 30 minute holding time (~65 
m).  Micro hardness, Vickers hardness, tests are conducted at the sample surface, different 
spaced  depth    (40m)  from  the  surface,    and  a  comparison  is  presented  for  as  received 
(Table 1) and boronized at 30 minute (Table 2).  Boronizing reveals not only a clear increase 
of  the depth of hardened  layer  (Fig. 10) but also  increase of micro hardness  from 126 HV 
(AR)  to  1792  HV  (Boronized  sample  at  30  minute),  that  dominate    the  clear  increase  of  
flexural  strength  (Fig.  10).    After  incremental  bending  tests,  each  sample  is  cut  at  the 
bending  area,  along  its  length  (20  mm  length),  and  sample  edge  (3mm)  is  prepared 
(mounted,  ground,  polished  and  etched)  to  monitor  fracture  mechanisms.    Boronizing 
induces transitionally function‐graded‐ materials (FGM), from very hard (ceramic) surface to 
more ductile bulk matrix  (steel). Figure 11. Optical microscopy of boronized sample under 
repeated 3‐point bending; (a) banding parallel to outer surface at 0.1 f, mag. 10X, (b) the 
commencement  of  twinning  at  0.5 f,  mag.  20X  (c)  more  twining  with  oriented  banding 
perpendicular to outer surface at 0.6 f, mag 20X.  A clear banding elimination is captured 
that  is  oriented  parallel  to  the  surface  (AR)  where  the  commencement  of  twinning  is 
captured at 0.5 f with more elimination to be 100 % perpendicular to the surface at 0.5 f.   
Scanning electron microscopy (SEM) of boronized, incremental 3‐point bending samples are 
captured  and  presented  at  Figure  12  to  Figure  16.    Figure  12  presents  no  clear  micro‐
plasticity captured at the outer hardened sample surface at 0.2 f (a) low magnification and 
(b)  high magnification.    On  the  contrary,  localized micro‐plasticity  is  captured  in  the  bulk 
material,  away  from  the  hardened  surface  at  0.4 f.    Figure  13.  SEM  of  Boronized  steel 
sample  at  the  bulk  sample  center  at  incremental  0.4  f  with  (a)  the  commencement  of 
twinning and banding elimination (b) clear micro‐plasticity as grain boundary flow, voids and 
PSB  (high mag).    Figure  14.  SEM  of  Boronized  steel  sample  at  the  bulk  sample  center  at 
incremental  0.6  f  with  twinning  and  crack  initiation  at  the  bulk  center  (a)  low 
magnification, and (b) high magnification.   Figur15 presents crack propagation across PSB, 
via SEM of Boronized steel sample in the center of sample at incremental 0.7 f (a) low mag. 
and (b) high mag.  Crack propagation is captured at 0.9 f in the sample center, however, no 
clear fracture capture at the outer hardened surface that presented in Figure 16.  Figure 16. 
SEM of boronized sample: (a) Crack propagation at the sample center, with crack arrest  in 
the outer surface, via SEM of boronized steel sample at incremental 0.9 f, (b) catastrophic 
ductile‐dimpled fracture surface (high mag.).   
Micro  mechanical  finite  element  modeling,  ANSYS,    established  reveals  the  kinetic  of 
boronizing that not only hinder plastic deformation in the outer hardened surface, but also 
hinder crack propagation, mitigate crack growth that extend service life.  Stress‐Number of 
cycle to failure (S‐N curve) with boundary condition Fixed‐fixed that induce circumferential 
deformation  in both duct  and header  established  to  reveal  the  importance of  boronizing.   
Figure  17  presents  S‐N  curve  of  as  received  design  B1  and  Boronized  sample  Via  ANSYS.   
Boronizing not only extend life but also increase endurance limit e of as received from e 
=157.5 MPa at 6.1 X 105 cycles to e of boronized = 405 MPa at   9.23 X 106 cycles. 
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Table 1 Hardness results of the as received Sample 

Hardness of uncoated Reference Sample 
Reading 1  110 HV
Reading 2  120 HV
Reading 3  131 HV
Reading 4  143 HV
Average  126  HV
 

Table 2 Hardness Results of the Boronized sample at 950°C for 30 minute. 

Hardness Results of the boronized sample at 950°C
Point A 1792 HV
Point B 1548 HV
Point C 927 HV
Point D 341 HV

 
 

(a) 

  
(b) 

 

 

Fig 1.  3-point bending stress-strain diagram of AR; (a) single bending and (b) repeated 
bending test. 

 

 

 

580 MPa
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    (a)                 (b) 

Figure 2. Banding, ferritic-pearlitic structure, via optical microscopy of as-received steel sample at (a) the 
surface (low mag. 10X), and (b) bulk center (high mag. 20X). 

 

    
   (a)                 (b) 

Figure 3.  SEM of localized micro-plasticity, grain boundary flow and presistent slip bands (PSB), in as-
received steel sample, outer sample surface, at 0.2 f (a) low magnification, and (b) high 

magnification. 

 

    
   (a)                 (b) 

Figure 4.  SEM of localized micro-plasticity, beach marks, striations, and void initiation,  in as-received 
steel sample, outer sample surface, at 0.3 f (a) low magnification, and (b) high mag. 

BEACH 
MARKS 

VOIDS VOIDS STIRIATIONS 
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Figure 5.  SEM  of crack initiation via void coalescence in-received steel sample at 0.3 f. 
at the outer sample surface. 

 

  
   (a)                 (b) 

 
Figure 6.  SEM of crack  propagation in as-received steel sample, aligned parallel to the outer surface  (a) 

low mag. (at 0.4 f)., (b) transgranular at 0.6 f . 
 

  
   (a)                 (b) 

 
Figure 7.  SEM of crack  evolution in as-received steel sample, outer sample (a) low mag. surface at 0. 7 

f,  (b) Trans granular at 0.9 f. 
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(a) (b) 

Figure 8.  Catastrophic failure via SEM of as-received steel sample (a) two different zones; fatigue and 
rupture (low mag.), (b) beach marks and striations (high mag.)  at f. 

 
(a)                                                                                 (b) 

Figure 9.  Stress-strain diagram of 3-point bending boronized samples at 950oC for (a) 10 minute, and (b) 
30 minute holding time. 

  
   (a)                 (b) 

Figure 10. Depth of Boronizing and Surface hardening of steel A333 Grade 6 at 950oC for (a) 10 
minute, and (b) for 30 minute holding time. 

Fatigue 
failure 

Rupture 
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  (a)               (b)            (c) 

Figure 11. Optical microscopy of boronized sample under repeated 3-point bending; (a) banding parallel 
to outer surface at 0.1 f (10X), (b) the commencement of twinning at 0.5 f (20X), (c) more twining with 

oriented banding perpendicular to outer surface at 0.6 f , (20X). 

 

Figure 12. SEM of Boronized steel sample at the outer sample surface at incremental 0.2 f with no clear 
micro-plasticity. 

 

  
   (a)                 (b) 

Figure 13. SEM of Boronized steel sample at the bulk sample center at incremental at 0.4 f with (a) the 
commencement of twinning and banding elimination, and (b) clear micro-plasticity as grain boundary 

flow, voids and PSB (high mag). 
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   (a)                 (b) 

Figure 14. SEM of Boronized steel sample at the bulk sample center at incremental 0.6 f with twinning 
and crack initiation at the bulk center (a) low mag., and (b) high mag. 

 

   
   (a)                 (b) 

Figur15. Crack propagation across PSB, via scanning electron microscopy of Boronized steel sample at 
the center of sample at incremental 0.7 f (a) low mag. and (b) high mag. 

 

   
   (a)                 (b) 

Figure 16. SEM of boronized sample: (a) Crack evolution at the sample center, with crack arrest in the outer 
surface, via scanning electron microscopy of Boronized steel sample at incremental 0.9 f , (b) catastrophic 

failure (high mag.). 
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Figure 17. S-N curve of as received design B1 and Boronized sample Via ANSYS. 
 

CONCLUSIONS 

 3-point repeated bending test is conducted for as received samples reveals softening 
with less strain to fracture simulate actual external stimuli of oil and gas piping. 

 Optical microscopy reveals banding as a post-forming segregation mechanism.   
 Pipping fracture mechanisms reveals (1) Localized micro-plasticity (grain boundary 

flow, beach marks, striations and persistent slip bands, void initiation) at the outer 
surface. (2) Crack initiation established via void coalescence. (3) Crack propagation 
almost 50 m spaced from outer surface. (4) Crack evolution as transvers cracking that 
may induce LBB. (5) Catastrophic failure with fracture surface reveal both PSB and 
rupture zone. 

 Boronizing increases flexural stress, f, of AR sample, form 580 MPa to 1214 MPa (10 
minute Boronized sample) and 1390 MPa (30 minute Boronized samples).  Boronizing 
also increases surface hardness from 126 Hv to 1792 Hv, and induce FGM. 

 Fracture mechanisms established for boronized samples reveal that; (1) No clear micro 
plasticity recovered at the outer surface.  (2) Most micro plasticity revealed far away 
from the most hardened surface in the bulk sample center.  (3) Fracture mechanisms 
retarded from the most stresses outer surface to the least stressed center.  (4) Crack 
initiation, crack propagation, crack evolution at the sample center just before failure. (5) 
In addition boronized samples reveal twinning and eliminate banding that start from 0.5 
u to 0.6 u, aligned perpendicular to the outer surface instead of being parallel. 

 Micro mechanical finite element modeling, ANSYS,  established reveals the kinetic of 
boronizing that not only hinder plastic deformation in the outer hardened surface, but 
also hinder crack propagation, mitigate crack growth that extend service life.  

 Stress-number of cycle to failure with boundary condition Fixed-fixed that induce 
circumferential deformation in both duct and header established to reveal the 
importance of boronizing that not only extend life but also increase endurance limit e 
of as received from e =157.5 MPa at 6.1 X 105 cycles  to e of boronized = 405 MPa at   
9.23 X 106  cycles. 
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