TECNGLOGICO NACIONAL DE MEXICO

Instituto Tecnoldgico de Tlalnepantia

Asunto: Constancia de Servicios

A Quien Corresponda:

La que suscribe, JEFA DEL DEPARTAMENTO DE RECURSOS HUMANOS del Instituto Tecnologico
de Tlalnepantla, hace CONSTAR, que labora en esta Institucion el (a) C:

NOMBRE: SOLIsS ROMERO»JOSE

FILIACION: v_.:::'_:SORJ630126781

C.URP: oW SORJ630126HDFLM805

CLAVE(S) PRESUPU STAL(ES) - 11301 14 02 E3863 00 0 141033 (A PART!R DEL 1°/MAR/2003)

CATEGOR[A(S 5 PROFESOR INVESTIGADOR TlTULAR “C” (E S) TIEMPO

v_ A COMPLETO (40 HORAS)
TIPO DE NOMBRAMIENTO  (10)BASE

FECHA DE INGRESO SEP: ©1° DE SEPTIEMBRE DE 1986
FECHA DE |NGRESO | T TLA " 1° DE SEPTIEMBRE DE 1986 A
LICENCIAS: © . SINLICENCIAS Y

Se extnende la presente para los ﬂnes que el (a) mteresada (a) convengan en el Municipio de
TIaInepantIa de Ba ‘Estada de Mexncc a los dIE‘CIOChO dlas del mes de ]umo del ano dos mil dieciocho.

ATENTAMENTE ay ;
EXCELENCIA EN EDUCACION TECNOZOGICA o e
“POR LA REALIZACION TECNO@OG/CA DE M PUEBLO”

CAMPUS TLALNEPANTLA CAMPUS ORIENTE
Av. Instituto Tecnolégico S/N Av. Hermilo Mena S/N,
Col. La Comunidad C.P. 54070 Col. Lazaro Cardenas La Presa C.P. 54187
Tlalnepantla de Baz, México Tlalnepantla de Baz, México
MTUENR%S%  Tel: 53900310 / 53900209 Tel: 53846464

www.ittla.edu.mx



SISTEMA EDUCATIVO NACIONAL

' i'f-"-;;‘_jjg\’;;: SH} 2003. Ao del CCL Aniversario del Natalicio de § ERRER |
PsBLICA Don Miguel Hidalgo y Costilla, Padre de la Patria E = = |

e |

SUBSECRETARIA DE EDUCACION SUPERIOR

E INVESTIGACION CIENTIFICA f

 DIRECCION GENERAL DE EDUCACION SUPERIOR 8

DIRECCION DE INSTITUCIONES PARTICULARES DE EDUCACION SUPERIOR f
RESOLUCION DE REVALIDACION DE ESTUDIOS }

I

La DIRECCION GENERAL DE EDUCACION SUPERIOR, conforme a la atribucién que le confiere el articulo (§
25 fraccion Xl del Reglamento Interior de la Secretaria de Educacion Publica, y con fundamento en lo

previsto por los articulos 14 fraccion 1, 61 y 63 de la Ley General de Educacién, asl como en el Titulo
Segundo del Acuerdo nimero 288, publicado en el Diario Oficial de la Federacion el 30 de octubre de 2000,
por considerar equiparables a un plan de estudios que se imparte en el Sistema Educativo Nacional,
revalida a

SOLIS ROMERO JOSE

los estudios que realizé en The University of Sheffield, en Sheffield, en Reino Unido de Gran Bretafia e

|
Jus
i
#
i
|8

Irlanda del Norte, correspondientes al Grado de Doctor of Phylosophy, expedido con fecha 16 de enero de
2003, segun documentacion integrada en esta Direccién General con la que se hizo la equiparacion, y 1
tomandc en cuenta que se trata de estudios considerados por el Consejo Nacional de Ciencia y Tecnologia T
(CONACYT) para el otorgamiento de beca, le tiene por acreditados los estudios de
[
DOCTORADO EN INGENIERIA MECANICA |
|
I
|
|
México, D.F. a 14 de Noviembre de 2003 | 1‘
ek B0y |
Expediente: 10-581-03 :ﬁ' ;
@ i 2 & i (A
B ; - EL DIRECTOR DE INSTITUCIONES i
% B & /PARTICULARES DE EDUCACION SUPERIOR |
. 4 |
SEL - s - DIPES i : :
¢ DE FusivAlER e v LIC. HECTOR LUIS NAVARRO PEREZ |8
TEVALIDACIONES i
GB@"‘@%‘ ;
rouo A 190922 |
|
RESOLUGION VALIDA EN LGS ESTAROS LUNIDOS MEXICANGS, NG REQUIERE TRAMITES ADICIONALES DE LEGALIZACION {,:k;
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SECRETARIA DE EDUCACION PUBLICA
DIRECCION GENERAL DE PROFESIONES

1964594

EN VIRTUD DE QUE __ +H5

CUMPLIO coum Rﬁwswos EXIGI-

MATEmf;Q E8 Y SUREGLA

EL DIRECTOR GENERAL [%PROFESIONES

LI0. HARIAND F. HERRA&N
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“2011, Afio del Turismo en Méxi

|pFEitunos TecAnlopicas

SUBSECRETARIA DF EDUCACION SUPERICR S
IRECCION GENERAL DE EDUCACKON SUPERIOR TECNOLOGICA ERUGAEIEN VUELILE

i01/Diciembire/11

Mexico, D.F.,

OFICID MNe. 5131 40755/11

DR. JOSE SOLIS ROMERD
PRESENTE

En uso da las atribuciones que me canfiere la fraccién X|1| del articulo 18 dsl Reglamento Intstior de la Becrstariade
Educacicn Publica, he tenido a bien designario Jefe de la Divisién de Estudios de Posgrado e Investigacion

del Instituto Techoldgico de Tialnepantia,

Con la certeza de que su desempefio estara orfentado por sl respeto-a 1as leyes, reglamentos y disposiciones gue nos
dan vida institucional y nas ebligan a conducirnos. en el marco dal Codige-de Etica de los Servidores Piiblices, &
deseo el mayor da |os:exjtos en el ejercicia profesional de sy funcicnes,

T
ATENTAMEHTE
Emnlm an Educacion Taﬂpldgit':’a”

!

LA \ SECRETARIA DE EDUCACION PUBLICA
spa - FnU%L?:[%CNmSGN GENE AL DE
/DR({ CARLOS ALFONSO GARCIAIBARRA : UL T oliOLOIEA
r-"J e sy ““"»,‘_
/ —
C.ep. Ing. Arnaldo Solis Go-.-ar jas,- Goordinade: Sectaral de Promacldn deda Calidad ¢ Evaluacign,
. e 158 =1 -1 ing.- Goondinador Setional de Planeacian v Desamodle.del Sistema.
. Migual Angel Cisnaras Susrmsrn.- Geordinador Secidnal Académica.
M Femando Apolinar Cérdove Calderan. - Grordinador Sectarial de Administracion y Finanzas.
1|l m:%E _car Crstelines Hemindez - Dkrector dal Irstituta Tacredagicn de Tlalfegansla .

\ i
A :M|'$<ulm'llm. e B
" £
ey

& i1 Mok ;
p 4 Patiotisin pon DAl B2 Plea, Gl Sin jush, Deleg Bedito judtes, CPL oyias, Mésas, DR, ;_3}"’
i Febs, Dy 50 i 86 415 Cosmun: sherminsn Bedroso, emal paiiep gobane P R e



“2011, Afio del Turlsmo en México”

N7 -

Institutos Tecnoldgicos

SUBSECRETARIA DE EDUCACION SUPERIOR S
DIRECCION GENERAL DE EDUCACION SUPERIOR TECNOLOGICA T

México, D.F., [aF{eItEtEn eI all

OFICIO No. 513.1.J/0755/11

DR. JOSE SOLIS ROMERO
PRESENTE

En uso de las atribuciones que me confiere la fraccion XIll del articulo 19 del Reglamento Interior de la Secretaria de
Educacién Publica, he tenido a bien designario Jefe de la Divisién de Estudios de Posgrado e Investigacién

del Instituto Tecnolégico de Tlalnepantia.

Con la certeza de que su desempefio estara orientado por el respeto a las leyes, reglamentos y dispesiciones que nos
dan vida institucional y nos obligan a conducimos en al marco del Cédigo de Etica de los Servidores Publicos, le

desao el mayor de los éxitos en el ejercicio profesional de sus funciones.

ATENTAMENTE
“Excels en Educacién 6gica”

SECRETARIA DE EDUCACION PUBLICA
DIRECCION GENERAL DE
EDUCACION SUPERIOR T-CNOLOGICA
DIRECCION GENERAL

Ing. Amoldo Solis Covarngéias - Coordinador Sectorial de Promocidn de la Calidad y Evaluacion.
: ama.- Coordinador Sectorial de Planeacion y Dasarrollo del Sistama.
Dr. Miguel Angel Clsneros Guerrero.- Coordinador Seciorial Académico.

Dr, Femando Apolinar Cédrdova Caldardn. - Coordinador Sectoral de Administracidn y Finanzas.
. Oscar Castellanos Heméandaz. - Diractor dal Institiio Tecnologico da Tlalnepantia.

Patriotismo 711 Edif. B 2° Piso, Col. San juan, Deleg. Benito Judrez, C.P. 03730, México, D.F.,
Tels. Dir. 36 o1 86 31, Conmut. 36-01-10-00 Ext. 65050, e-mail: part@sep.gob.mx

weww dgest pob.mx
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SEP

SECRETARIA DF
EDUCACION PUBLICA

TECNOLOGICO NACIONAL DE MEXICO
Instituto Tecnologico de Tlalnenantla

ASUNTO: Constancia de Nombramiento

A QUIEN CORRESPONDA

Por este medio se hace constar que ef Dr. José Solis Romero, se encuentra vigente en su Nombramiento coma
Coordinador del programa de posgrado “Maestria en Ciencias de la Ingenieria”, que ofrece la Division de
Estudios de Posgrado e Investigacidn, el cual fue otorgado con fecha 1° de febrero del 2018,

Lo anterior, segln aparece en el archivo de la Divisidn de Estudios de Posgrado e Investigacion.

A peticion del interesado vy para los efectos que haya lugar, se extiende ia presente en la Ciudad de Tlalneapantla de
Baz, Estado de México, a los ¥ dias del mes de agosto de 2017,

ATENTAMENTE
“Por Iy Realizacion T_ecnnfc'r ica de mi Pueble”

i

o
DR-GUSTAVO FLORES FERNANDEZ
DIRECTOR 06.cC
LT. DE TLALNEEANTLA
AP DIRECCION

5

CAMPLIS TLALMEPAMTLA CAMPLS ORIENTE

Ay Institute Tecnoldgico 54N Ay Hermilo Mena /M, e "'H_ [ fﬁmﬁ
Cob La Comumdad .. 54870 Lol Lazaro Cardenas La Presa CF, S4187 if 1' I @ L @
g il Tlalnepantla de Baz, México Tlalnepantla de Baz, México 4.\_ ‘/‘: I.%’a. ﬁg}
TIATNEPANTLA Tel: 53900310 / 53900209 Tel 53846464 et I

wiw.ittla odu mx



“2012, Aho de la Lectura”

\\ [ 28

Institutos Tecnologicos

SUBSECRETARIA DE EDUCACION SUPERIOR

i WS TITUITD TRGMOL GO0 B
DIRECCION GENERAL DE EDUCACION SUPERIOR TECNOLOGICA TLALNEPANTLA
INSTITUTO TECNOLOGICO DE TLALNEPANTLA

SECRETARIA DE
EDUCACION PUBLICA

Tlalnepantla de Baz, Estado de México, SElSIsNERRIsIR-TFI0k P

QFICIO DIR. No1262 /09/2012

DR. JOSE SOLiS ROMERO
PRESENTE

Me permito comunicar a usted que a partir de esta fecha, he tenido a bien expedir su nombramiento como Coordinador
Maestria en Ingenieria Mecanica dependiente de la Division de Estudios de Posgrado e Investigacién de este Instituto.

En el desempefio de su cargo, deberd observar, respetar y promover el cumplimiento de las Leyes, Reglamentos, Acuerdos
y Disposiciones que norman la vida institucional de la propia Secretatia.
. AR gy

o

ATENTAMENTE -
“Por la Realiz. Tecnologica de mi Pueblo” W s

8 E.E

CAR CASTELLANOS HERNANDEZ D G E

ING. O a8 T
DIREGTOR I T.DE TLALNEPANTLA
DIRECCION
C.c.p- Subdireccion Académica
Depto. de Recursos Humanos
Archivo
OCH/app
Campus TLALNEPANTLA: Campus ORIENTE: -
Av. Instituto  Tecnolégico s/n, Col. La Comunidad, Hermilo Mena s/n Col.Lazaro Cdrdenas La Presa, f A \‘
Talnepantla de Baz, Edo. de Méx, C.P. 54070 Tlalnepantla de Baz, Edo. de Méx. C.P.5418¢ ‘ /’
*,
Tels. 5565-3000, 55652694, 55653261, s3g0-020G, Tel. 5384-6464 —

0-0310 Fax. §566-142
5390-03 5505-1421 www.ictla.edu.mx
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CONACYT

Oeciizise SNI
.%..’;.;.. Sisteama Nacional
. i frveesty gacioros

El Sistema Nacional de Investigadores otorga al:
DR. JOSE SOLIS ROMERO

la distincion de

INVESTIGADOR NACIONAL NIVEL |

Durante el periodo del 1 de enero de 2010 al 31 de
diciembre de 2012 en virtud de sus logros en la
realizacion de trabajo de investigacion original.

DR. JOSE ANTONIO DE LA PENA MENA
SECRETARIO EJECUTIVO

+HNrSnggOuD WUPRExASS Y xp XSV 2rShisuDfUgEY h+Ki00Bg=
Darumants firmaso slestrdricaments.

11 de diciembre de 2009



Formato de convenio Pigina | de |

CONACYT
SNI

e sl

El Sistema Nacional de Investigadores otorga al

DR. JOSE SOLIS ROMERO

la distincién de

INVESTIGADOR NACIONAL NIVEL

Durante el periodo del 1 de enero de 2013 al 31 de diciembre de 2016 en virtud de
sus logros en la realizacion de trabajo de investigacién original.

DRA. LETICIA MYRIAM TORRES GUERRA
Secretaria Ejecutiva del SNI

Documento fimado electrdnicamente
2 de septiembre de 2012

ROMERO

SECREIAR)
TECNOL

hup://siicyt.main.conacyl.mx:9098/pse/REGCYT_I/EMPLOYEE/REGCYT//CYT .. I8/10/2015

Quick Notes Page 2



Formato de convenio Pagina | de |

CONAC YT

El Sistema Macional de I nvestigadores oforga al

DR, [OSESOLIS ROMERO

la distincicon de

INVISTICADOR NACIONAL NIVEL

Durante el periodo del 1 de enero de 2017 al 31 de diciembre de 2020 en virtud de
sUs logros en la realizacion de trabajo de investigacion original.

Dra. Julia Tagiiefia Parga
Secretaria Ejecutiva del Sk

£ OBk JSUAL gJHX YAGwiwaEG Y 2mu Dk eupEUT40BaDX W +hLY=
Drocumenio fimmado efectrdnicaments

49 de saptembre de 2016

L[5 COPIA FHCL DEL ORIGIMAL ES COMA FIEL DEL ORIGINAL
TIHG, ORL RAULTCRNARNGE? GAUTETA =
SLBDIRECTOR ACADEMICO ! DR, JOSE 50LIS ROMERO

https://svipspias{2 main.conacyt. mx:443 | 3pse/ REGCY T2 VEMPLOYEE/REGCY T/, 09092016
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SNI

Shterma Maciona
et friveshigarioneys

CONACYT
&

El Sistema Nacional de Investigadores otorga al

DR. JOSE SOLIS ROMERO

la distincion de
INVESTIGADOR NACIONAL NIVEL I

Durante el periodo del 1 de enero de 2013 al 31 de diciembre de 2016 en virtud de
sus logros en la realizacion de trabajo de investigacion original.

DRA. LETICIA MYRIAM TORRES GUERRA
Secretaria Ejecutiva del SNI

EBhHJwrse i 31=0WrkJwmalA==An1Bro8 DD 3<DNEIhagiinst 7=
Cocumento firmade electronicamente.

2 de septiembre de 2012

http://sticyt.main conacyt.mx: 2086/ pec REGCY T4 VEMPLOYEEREGCY T/e/CYT SN 28/04/2013
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Selis Romera josa
srivann Tesaoiggico de Tlgmepanta
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Me corplace nfermale cue 3l Comité Evduadar exserng & FROMEP, de acuerds con las Convouatorias .
201y, resohvid posivamente s solizitug 42 Recorotimients & Pe-fl Desaabl-e.
En gomsecuercia, fs SES acradita que ssted tieneel perfl desesble para profesores.de tiempocomplets,

La acreditacidn tiene vadez oor 3 3flos & part' de esta Techa y servicd zdra los Fries astabiecidos an
prapla convoatony;

Srogtre particular, aprovachs beopertunidad saraenvarlz un saluda.
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Subseerdlerts deToudacion Superio
=i, Jii Bl 1 THdTr i Fr

SEP
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Mk, L F. 10 de Diciembre de 2014
; i Mo, DS& 03,5514 104599

‘Solis Romero Jose
In‘sﬂtutn.TEﬂrmlﬁ-giéu'dEﬂalnepﬁﬂﬂa
Presenta

Me complace informarke que el Comite Evaluador externo-al PRODEP, de
aEuETdd con las Convacatonas 2014, resolvlg pasitivamante su salicitud e
BEeconocimientoms Parlil Dessakble.

En comsecuenia, & SES acreditd gise usted tiene el perfil deseabio phra
profesdres de tiempo complito,

La pespditacion Dene validez por 3 8nos 8 partir de-esta fechs v servira para
las fines establecidos en |8 propia canvoitatora, en & entendido de que
dejir de Wbordr snésts  Institucion  conlleva W cancelacion  del
reqonogimiento.

BN Geg pErticuldn, aprovecho s opor tanidad pare enviarke un saledo.

Alentameante

T T

M, an C. Goillermina Urbano Vidales

Directora

e rrmgeiima = prbilko e a |'.‘|I'|Jq:|.l|' o Ty (ool S poy #afnlip ol 1 par e sl enon a o e o ﬂmw ]
A RRCMER 3.2 /Fs-017



) Subsecretaria de Educacion Superior
Direccion General de Educacion Superior Universitaria
Direccion de Superacion Académica

Programa para el Desarrollo Profesional Docente, para el Tipo Superior

SEP

SECRETARIA DE
EDUCACION POBRLICA

“Afo del Centenario de la Promulgacion de la Constitucién Politica de los Estados Unidos Mexicanos”

Ciudad de México, 19 de Julio de 2017
Oficio No. 511-6/17-9597

Solis Romero José
Instituto Tecnolégico de Tlalnepantla
Presente

Me complace informarle que el Comité Evaluador externo al PRODEP, de
acuerdo con las Convocatorias 2017, resolvié positivamente su solicitud de
Reconocimiento a Perfil Deseable.

En consecuencia, la SES acredita que usted tiene el perfil deseable para
profesores de tiempo completo.

La acreditacion tiene validez por 3 afos a partir de esta fecha y servira para
los fines establecidos en la propia convocatoria, en el entendido de que
dejar de laborar en esta instituciéon conlleva la cancelacion del
reconocimiento.

Sin otro particular, aprovecho la oportunidad para enviarle un saludo.

Atentamente
M. en C. Maria de Jesus Guillermina Urbano Vidales

Directora

"Este programa T\s publico ajeno a cualquier partido politico. Queda prohibido el uso para fines distintos a los establecidos en el programa”.

ES COPIA FIEL ORIGINAL F-PROMEP-32/Rev-08

DR. J&/\ﬁ SOLI& ROMERO
C
I

_alle Vicente Garcfa Taw€s # 235, Col. El Rosedal, Coyoacdn, CP. 04330, Ciudad De México,

Tel. (55) 3601-1000 Extension: 65934 http://www.dgesu.ses.gob.mx/PRODEP.htm



GOBIERNCQ DE LA REPUBLICA

onseie Nacional de Cllenc

“2017, Ao del Centenario de la Promulgacién
de la Constitucion Politica de los Estados Unidos Mexicanos”

Oficio num. DP/e34/17
Direccion Adjunia de Posgrado y Becas
Direceion de Posgrado

Ciudad de México, a 16 de febrere de 2017.

Dr. José Solis Romero
Coordinador

Tecnologico Nacional de México
Presente

Estimado Dr. Solis:

Informo a usted que derivado del andlisis del documento y medios de verificacion recibidos en la
Direccion de Posgrado, el Consejo Nacional de Posgrado (CNP) ha integrado al Padrén del PNPC
el programa:

N° de Referencia ' Programa Hl A Institucion

Maestria en Ciencias de la Ingenieria Tecnologico Nacional de México.

/

/

Al cumplir con las observaciones del Comité de Pares, el programa estara vigente hasta el 31 de
diciembre del 2019 en el nivel de Reciente Creacion.

Sin mas por el momento, aprovecho la ocasion para enviarle un cordial saludo.

Atentamente,

f ES COPIA FIEL DEL ORIGINAL

M. en C.
Secretarjé

DR. JOSE SOLIS ROMERO

N\

‘Directo

C.c.p. Dr. Luis Ponce Ramirez, Director de Posgrado.

Av. Insurgentes Sur No. 1582, Col. Crédito Constructor, Del. Benito Juare 03940, Ciudad de Méxice, México
Tel: 52 (55)5322-7700 www.conacyt.gob.mx
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SEP

InstitutosTecnulégims

SUBSECRETARIA DE EDUCACION SUPERIOR

DIRECCION GENERAL DE EDUCACION SUPERIOR TECNOLOGICA
COORDINACION SECTORIAL ACADEMICA

DIRECCION DE ESTUDIOS DE POSGRADO E INVESTIGACION

SECRETARIA DE
EQUCACTON PUBLICA

LLECEAS I 1 7/noviembrel/20 1 1

Oficio No. 513.2.2/3717/2011

ING. OSCAR CASTELLANOS HERNANDEZ
DIRECTOR DEL INSTITUTO
TECNOLOGICO DE TLALNEPANTLA
PRESENTE

Por este conducto cornunico a usted que el Dr. Carlos Alfonso Garcia Ibarra, Director General de Educacion Superior
Tecnolégica, mediante Oficio No. 513.1/2657/2011, ha autorizado la asignacién de presupuesto 2011 para apoyo a la
investigacion a la institucion a su digno cargo, lo anterior con base en las recomendaciones del Comité Evaluador de
la Convocatoria de Investigacion Cientifica y Tecnoldgica 2011, por lo cual hago de su conocimiento la informacion
basica del proyecto de investigacion.

Clave
4450.11-P

Titulo del Proyecto

Comportamiento triboldgico de aceros con tratamiento superficial de boruado, nitrurado y
boronitrurado.

Grupo de Investigacién

Dr. José Solis Romero
Dr. Benjamin Vargas. A., M.C. Miguel A. Paredes R., M.C. Armande Gémez V.

Director(a) Responsable

Colaboradores

Vigencia del proyecto: 12 meses

Fecha de Inicio

Fecha de Término

03 de enero de 2012

31 de diciembre de 2012

Entrega de Informes

Informe de Avance

Informe Final

01 al 30 de julio de 2012

01 al 31 de enero de 2013

La asignacién del apoyo econémico se realizara de acuerdT
I
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Col. San Juan Mixcoac, Del. Benito Judrez, C.P. 03730, México, DF.,
oD

t. 36-01-86-00 Ext. 65048, 65066, e-mail: posgrado@dgest.gob.mx,
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SEP

Friea e TECNOLOGICO NACIONAL DE MEXICO

ERMCCATION PlS1IH RS Coardinacion Sectordal Academicn
L Cractiey e fyidi 2 Forsprato & Inve e anitn

EOLE, Afn del Ganerallsinno 1o Maris Morebos y Fanan™

Misaco, D F. DI

Oificin Mo, MO0 2. 2/054372015

MG, OSCAR CASTELLANGS HERMAMDET
DIRECTOR DEL INSTITUTO
TECNOLOGICO DE TLALMEPANTLA
PRESENTE

Con referencia al recurso asignado por la Coordinacion Sectoriai de Planeadion y Desarrollo del Sistema,
medlante &l Oficio No, MOD 3/0447/2015, para apoyo de la investigacion en la institucion a su digno
cargn, v con base en las recomendaciones del Comité Eraluador de la Convocatoria 2015 de Proyectos
de Investigacidn Cientifica, Aplicada, Desarralle Tecnalbglen e Innovacién, hago de su conoclimiento la
informacidn bisica del proyecto de investigacidn

' Titulo del Proyecto - Clave

Comportamiento mecanico v triboldglco con y sin lubricacidn de los aceros 5642 15-P
SI100'y M2 revestidos por deposicidn con pelicaias delgadas de carbdn tipo
diamente. hidrogenado (DLC asl comoe TN, vtiltzands PVD-PECVD v su
cormparacion cof revestimiento de bonur

Director{a) Responsable | losé Solis Aomes 7
| Colaboradores Armango Gomez Yargas, Rodolfo velazquez Mancila, Miguel A
raredes Rusdas, Victor A, Casoelana Escamilla
Vigencia del proyecto: 12 meses
Del 02 de maya de 2015 al 02 de mayo da 2014
Entregn de Informes
1er nforme de Avance informe Final I
01 &l 30 de poviemtbsre de 2015 i 02 al 3l demn',mde 2016

Cabe sefialar gue los partidas a continuacion son enunciathms, para o cual invariablemente al
‘ejercerlas deberén ser justificadas en los proyecios de investigacion.
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Secretaria Académica, de Investigacion = Innovacitn
Diraccon de Prsgradn, Inveitigaciln g isnmacin

“Afio del Centenario de 3 Promuligacion de iy Constimecibn Palitica de los Estades Unitas Mislcanos”

Cludad de México, TNITPTNY]

Oficio Mo, MO0, 2,3/ 330272017

DR. GUSTAVO FLORES FERMANDEZ
DIRECTOR DEL INSTITUTO TECMOLOGICO DE TLALMEPANTLA
PRESEMTE

Derivado de la asignacidn de presupuesto para Ios proyectos aprobados en & Convocatora de Apoyo 2 da
Investigacsin Clentifica y Tecnoligha 2017-3 para los Institutos Tetnolgicos Federales y Centros, hagn e sy
conncimienta la infarmacion basica del proyvecto de imvestigacitn:

| | Optimizacién vTlizando Wgica di7usa y isenn de experimantes tanto de ls pardmetros de |

Titulo del procesamisnto como del compartamiento tricologice de ks aceros akeados o al carbén,
Proyccta revestidos mediante procescs de clfusidn [boronltrurada) v deposicion (carbén quasi-
diamante hidrogenade- HOLC)
Clave §35317-F
| Vigencia 01 de septiembre de 2017 al 31 de agesto de 2018
| Directorta) Responsable  Solis Romero José -
| Entregade | ler. informe 2do. Informe Zer. Informe
Informesde | 15 al 30 de diciernbre de 2017 15 ! 30 de marza d& | 153l 30 dejunip de 2018 |
Avance | FDLE -
| Entrega de Informe Final | 02 al 30 de septiembre de 2014
Maonto Partida 21701 Partida 31903 Total
| aprobado $250.000.00 5 900 $250.000.00 .

Partida 21701: 21101, 21201, 21301, 21401, 23501, 22201, 23101, 23303, 23401, 23501, 23601, 23701,
43901, 23002, 24501, 24601, 24701, 24901, 25101, 28201, 25301, 25401, 25501, 75901, 76105, 29101,
29401, 25501 y 29501,

Partida 31903; 33301, 33304, 33601, 33901, 35301, 35401 ¥ 35702
Les informes téonkos de avance v fina! del provecto deberdn ser cargzdos en la slataforma de provectss

https://dpilacad-tecpmmx/proyectoss, en el apartade comespandiente, de acusrdo 2! periode estabecida en
#sbe documenta, .

Sin otro partiodtar, aprovecho la ocasion para enviarie un
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ING, DSCAR CASTELLANOS HERNANDEZ
DIRECTOR DEL INSTITUTO TECNOLOGICO DE TLALNEPANTLA
PRESENTE

En relacion o lo Saliciiud de registre do proyectos de In‘wesﬂga@én. gamurico a usted que esta-Direccion g mi warge ha registado el
Proveclo 2011 qua-a conlnuzcicn S8 menciong;

Titulo del Proyecto . Linea de Investigacion Clave de Registro
Gompanamionis fribologico del Flaro pure v acers | Optimizacion de Sistemas Macanicos TLAREI-2E 1=104
4140 gon tratamienta supericial de borurado, |
nitruradio por plasma y borenitrurado,

| ' : ____Grupode Investigadores .
| Director{a) Responsable | Dr, Jose S0)ia Ramers |

Colzboradores M.E. Migual & Paredes Hueda, M.G, FadolD Velszguez Mancilla, Dr. Benjamin Vargas AmstE
Vigencia del prayecto: 12 meses
Facha de Inicio Fecha Tarming
0-fe=11 ¥ Si-teb12
Entrega de Informe
Informe Final

28 de miargo e 2012

El control, seguimients y evaluacian de dicho provects, = travis de Intormes de avance e informs final tanto de los-aspastos 1danlins
soine de los financiords, &5 responsabilidad de fag unidades scadémicas v adninislativas corespordientas del Inskituto Tecnologica a
sU camgo, En este sentido, ¢l director. responsable del provecte deberd enligar informes semestrales para varficar los resultados
obtenidas en su |nstitugion, Una ver que los Infonmes acasemicos nayan silo avalados por las unidades corraspondisntes, debera
envias 4 astaDiraccion el srchive dlectrénioy del informe final en disto gompacto, asi camo s svidencias de ioe producios bt dos
en lonmiate POF, aéompafiade de un olicio de presentacian por parte del Director da 12 institugion, Cabia fiencionar que ! farmang del
Informe sa encusntradisponible en & portal Blectrérco de la DGEST

Sin mas por el momente: aprovache fa oportunidad peEra anviaie un cordialsalugo,
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SUPERFICIES Y VACIO

Unia publicacion de la

Sociedad Mexicana de Clencia v Teanologia de Superficies v Materiales A C.

Ciudad de México a 28 de nioviembre de 2012
A Quien Corresponda

Por este conducto, hacemos constar que el Dr. José Solis Romero ha colaborado
con la Revista Superficies v Vacio como reviser del trabajo: “SILDY OF
HARD IAYERSF IN A STEEL BASED Cr-Mn"" (Bef. SV12-046).

La presente se extiende para los fines que al interesado convengan.

Atentamente,

A

Dr. Miguel Meléndez Lira
Co-Editor
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Tlalnepantla de Baz, Edo. de Méx., a ((kVANEIFL 3
OFICIO DEPI 800/03/2016

A QUIEN CORRESPONDA

El que suscribe, Jefe de la Division de Estudios de Posgrado e Investigacion hace constar que los profesores-investigadores que se
listan a continuacién y que se encuentran adscritos a esta Division, participaron durante los meses de octubre de 2015, asf como
enero y febrero de 2016 en la elaboracion del plan y programas de estudio de la Maestria en Ciencias de la Ingenierfa, lo que
inherentemente incluye el estudio de factibilidad para su apertura (se adjunta autorizacién del programa por parte del TecNM):

DR. VICTOR AUGUSTO CASTELLANOS ESCAMILLA
DR- OSCAR ARMANDO GOMEZ VARGAS

DR. JOSE SOLIS ROMERO

DR. BENJAMIN VARGAS ARISTA

DR. IRINEO PEDRO ZARAGOZA RIVERA

DRA. NADXIELI PALACIOS GRIJALVA

DRA. VERONICA ESTRELLA SUAREZ

M.C. SANDRA SILVIA ROBLERO AGUILAR

M.C. MIGUEL ANGEL PAREDES RUEDA

M.C. RODOLFO VELAZQUEZ MANCILLA

A peticién de los interesados y para los efectos que haya lugar, se extiende la presente en la Ciudad de Tlalneapantla de Baz, Estado
de México.

ATENTAMENTE

“Por la Realizacién Tecnoldgica de mi Pueblo®

M.C. MIGUEL
JEFE DE LA DIVISIO

ES RUEDA

, EZ/BAUTI
E ESTUDIOS DE POSGRADO £ INVIECRERKAD v i 1

ccp. Ing. José Rall Hernandez Bautista DE 5
Archivo. I.T. DE TLALNEPAN
SUBDIRECCION ACADEMICA
JRHB/MAPR/nud*
CAMPUS TLALNEPANTLA CAMPUS ORIENTE - ——
Av. Instituto Tecnolégico S/N Av. Hermilo Mena S/N, FZIAN) N I‘
Col. La Comunidad C.P. 54070 Col. Lazaro Cérdenas La Presa C.P. 54187 i ‘é az\ @
Tlalnepantla de Baz, México Tlalnepantla de Baz, México ,\ j 3,&' “\(5':/ }
RIS Tel: 53900310 / 53900209 Tel: 53846464 — | et

www.ittla.edu.mx
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Direccion General

Mésico, O F , I

DFICK Mo, MO0/0015/2016

DR. GUSTAVO FLORES FERNANDEZ
DIRECTOR DEL INSTITUTO TECNOLOGICO DE TLALNEPANTLA
PRESENTE

En cumplimienta de las fracclanes | y I, del articulo segundo, del Decreto por e que se crea e
Tecnolégleo Nacional de México. publicado en Diario Oficial de la Federacion el 23 de julio de 2014, y
de conformidad con el apartado 1.7. De la Apertura de Programas de Posgraco, establecido ‘en los
*Lineamientos para la operacion de Estudios de Posgrado en el Sistema Macional de institutos
Tecnoldgicos®, que entrarcn en vigor ef 18 de énero de 2013, y en virtud de que $é Ran cumplido con
los Fequisices estanlecides en los mismos Bneamientos; he determinado aceptar ¥ aprobar |3 aperiura
del Plan de Fstudios de- Maestria en Ciencias de la Ingenieria, con clave MCING-2011-45, ¢n la
Institucion a su cargo, a partir de febrerc de 2016, con la vigencia establecida en el incise d) del mismo
apartado 1,7 de los lineamientos, sujeia a ks E';i-li_\ma:iunes que esta Direccion General considere
convenientes,

%in otro particular, aprovecho la ocaston para enviarle un cordial saludo:

ATENTAMENTE
EXCILEMLIA EX EOUCaCiiy TecnOoLEioa®

' SECRETARIA 0 EDUEACH FUBLICE
;.ﬂf- -l"r/\‘ TECMOLOGEOT MADNAL
" DE MEXICE
BAVRDLALAHEIEL GLITRNG QUETERD DIRECCION GENERAL

DIRECTOR GEMERAL

g Mo Jpracis Lopes Valdowinos - Secretaria Acpddmice. de-vwestgacds e imnovacdn -Frosenti
Archiva - Pirescedn de Posgrada, Investigacion & inpovackan -Fresente

MG/ S6v
'

Ardos deBeln M. 79, PH, Cel Convd Dal, Cuauhigmo, L 06010 Mexico, BF
Tels,{55) S801-7 500, 3001-107 7, Ext: 6504 5; e-maitd_posgracod teonm.ma
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Fecha de aceptacion:  25-06-08

Surface Roughness and Residual Stresses on the Fatigue Life of
Shot Peened Components: Theoretical Determination

José Solis Romero', Alfonso Anguiano Garcia’, Antonic Garcia Macedo?
Hnstituto Tecnoldgico de Tlalnepantla. Departamento de Ingenieria Mecdnica
Divisian de Estudios de Posgrado e investigacdion
josesolis@itesm.mx, ponchite_jriatinmail.com
“institute Tecnnlégico y de Estudios Superiores de Monterrey-CEM-DIA
Departamento de Ingenigrio Mecdnica.

josegarc@itesm.mx
Abstract

The effects of the shot peening process on the fatigue damage are analysed and modelled. Surface roughness is modelled in a
way that would increase the far—field stress. Compressive residual stresses translated as closure stresses which tend to reduce the
application of the far-field stress by introducing this closure stress on the crack flanks and thus the propagation of the crack is ex-
pected to be somewhdt reduced compared to the unpeened condition.

Resumen
Se analizaron y modeldron mateméaticamente los efectos del proceso de granallado que tienen en el dafio por fatiga de mate-
riales metélicos policristalinos. La rugosidad superficial se modelé de tal forma que incrementa el esfuerzo aplicado. Los esfuerzos

residuales compresivos se convirtieron en esfuerzos de cerradura los cuales tienden a contrarrestar el esfuerzo aplicado dado que
el esfuerzo de cerradura actba en las caras de la grieta reduciendo la velocidad de propagacién en comparacion con aquellos

componentes sin la aplicacién del granallado.

Keywords:
Controlled shot peening; fatigue life improvement; microme-
chanical model.

Introduction

For many years controlled shot peening (CSP) was consi-
dered as a surface treatment of questionable benefits. This
impression was fuelled by contradictory results from fatigue
-experiments [1,2]. It is now clear that the performance of
CSP in terms of fatigue, depends on the balance between it’s
beneficial (compressive residual stress and work hardening)
and detrimental effects (surface roughening) [3.4]. Hence, in
order to achieve a favourable fatigue performance, the role
of the above effects has to be analysed and understood. To
achieve such undertaking it is essential to consider their inte-
raction with other parameters such as the nature of the target
material and the loading conditions.

This work brings together two micromechanical models; one
for notch sensitivity [5] and for fatigue life [6]. The former
assesses the effect of surface roughening, whilst the latter in-
corporates the residual stress distribution and work hardening
on fatigue life calculations. Combination of the two models
allows the determination of the residual stress distribution to
meet specific improvements in fatigue life (improvement life
factor, ILF), Using the ILF methodology, the effects of CSP
can be scrutinised against the stress level, the surface rough-
ness and the ILF value.

Modelling the Surface Roughness

On shot peened surfaces, cracks are likely to form at micro-

Surface Roughness and Residual Siresses on the Fatigue Life of Shot Peenad Components: Theoretical Determination

Palabra claves:
Shot peening controlado; vida en fatiga; modelo microme-

cénico.

notches (dents). Early studies from Smith [7] and Tanaka [8]
indicate that the propagation of cracks from notches depends
on the bluntness of the notch, given by % (p is the notch
radius). Despite the numerous models published in the lite-
rature, an extended citation is given in [9], most models fail
to provide a relationship between the geometry of the notch
and the microstructure of the material. Such relationship was
successfully provided by Vallellano et al [5,10]. According to
their work, the nominal stress in a notched member is given

by,

g (1)

where ¢ is the applied stress, o7 is the distribution of the
nominal stress ahead of the notch root as a function of the
distance from the notch i, mapped as i=2a/D, and Z is the
notch factor given by,

Z.:...\/E_.q -B-;+ a— i
CoatB A 14t

(e ﬁ{(x\/(a +iD*/2) ~a’+B* - B ( +fo2)]

()

(2)

where i=1,3.5,...
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Tribological performance of an H-DLC coating prepared by PECVD
J. Solis®>*, H. Zhao?, C. Wang?, J.A. Verduzco®, A.S. Bueno™“, A. Neville®

*IFS, University of Leeds, 152 9T, United Kingds
T tla, i 54070, Edo. Méx, Me

©Instituto de Investigacion en Metalurgia y Materiales, UMSNH, PO, Box 888, 58000, Morelia, Mich, Mexico

 Mechanical. o Del Rei, Jodo Del Rei, Brazil

ARTICLE INFO ABSTRACT

Article history: Carbon-based coatings are of wide interest due to their application in machine elements subjected to

Received 1 January 2016
Received in revised form 28 April 2016
Accepted 29 April 2016

Available online 2 May 2016

continuous contact where fluid lubricant films are not permitted. This paper describes the tribological

excited plasma enhanced chemical vapour deposition on AISI 52100 steel. The architecture of the coat-
ing comprised Cr, WC, and DLC (s-C:H) with a total thickness of 2.8 um and compressive residual stress
very close to 1 GPa. Surface 22GPaand its red

180GPa. Scratch tests indicated a well adhered coating achieving a critical load of 80N. The effect u'
normal load on the friction and wear behaviours were investigated with steel pins sliding against the
Wear actual coating under dry conditions at room temperature (20 2°C) and 35-50% RH. The results show
AISI 52100 steel that coefficient of friction of the coating decreased from 0.21 to 0.13 values with the increase in the
Dry sliding applied loads (10-50N). Specific wear rates of the surface coating also decrease with the increase in the
same rane o applied loads. Maximum and minimum values were 14 10" and 5.5 ¢ 10-# mm /N,

Keywords:
Hydrogenated diamond-like carbon
Friction

contact, due to the mhnlayer formation on the wear scars of me coating and pin. In order to further
regarding behaviour, the existing mathe-
i contact as well as

the flash temperature were used.
©2016 Elsevier BV. All ights reserved.

1. Introduction these coatings for the above purposes is due to the mechanical,

chemical, electrical and optical properties they exhibit [3,4]. The
e } ]

The quality and functional characteristics of many engineer-
ing ions is ined by superi loads  ofa

at low substrate temperatures

and particular requirements on their surface, such as wear resis-
tance or low levels of coefficient of friction (CoF). The use of thin
films as the non-stoichiometric hydrogenated amorphous carbon
(a-C:H), also named hydmgenaled diamond- hke carbon (H-DLC),
has become r the

h
and high deposition rates. The latter is a major advantage for most
steels because the annealing temperature is not reached (<200°C),
therefore substrate hardness is not affected. In spite of the out-
standing propemes ©of DLC coatings, the CoF and wear mechanisms

of steel components n,z], in which specific prupemes at particu-
lar locations are needed without compromising the bulk material
strengths. Furthermore, these coatings are also being used as solid
lubricants in the industrial field to improve

depend si on the deposition method/parameters [1.5],
variation in environment, either in vacuum or room atmosphere
[6], relative humidity (7], the substrate and counterbody materi-
als, the various coating ir(hltectures such as mulupxe or gradient
layers, and ver: e. under dry,

of machine under very clean
fluid lubricants are not permit(ed. The progressive acceptance of

5 oS i . SNt AR epantla,
Postgraduate Studies/Mechanical Engineering, Av. Constitucién o 17, S/N, Col.
Ia Comunidad, 54070 mlncpanmm Méx. México,

1. Solis),

water, oil nrammhmanuno(lh!se 18911 the caseof nlubricated
conditions, the influence of loading and sliding velocity on the CoF
and wear rates becomes essential. Sharma et al. [10] put forward
variations in the CoF and'Weag for different loads on the Steel/DLC
pair, under ambien(sind: itions. The CoF decrease with the
jcrease of normal foad/for shortsfiding distances, and for long sfid-
ng distances, : 3 w%gew IWith the decrease of normal load.
[Upon the stead) sr&g&m&s@;{ﬂs to be a convergence in the CoF

hitp:fdx doi org/10.1016/j.apsusc.2016.04.184
0169-4332/0 2016 Elsevier BV. All rights reserved.
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Boro-nitriding coating on pure iron by powder-pack boriding and

nitriding processes

@ CrossMark.

i i i Y 95, Sa806 At o M. M

0.A. Go6 Vargas®, ]. Solis-R e ig Lopez?*, M. Ortiz-Dominguez ¢,
J. Oseguera-Pefia®, A. Neville
* Instituto Tecnoldgico y de Supe de y campus Estado de Méxio, G

of

Comunidad, Tlinepontla. Edo, e Mésico 54070, Mexico
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anormal, heavy and sliding load under dry conditions, a boron nitride coating was produced on pure iron
in two stages: boriding the iron surface at 950 °C for 6 h and then nitriding the pre-borided iron at 550 °C
for 6h. The powder-pack technique was used in both stages. XRD measurements confirmed that the
grown layers were itrides and duplex borides. The produced diffusion of the layers reached 240 ym in
depth by SEM images. the interphase
cohesion between the iron nitrides and iron borides layers, Cansequently, the multicomponent coating
exhibited superior wear resistance to an applied normal load under dry sliding contact conditions in
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1. Introduction phases exhibit different coefficients of thermal expansion, it can

Hard coatings with carbides, borides and nitrides have been

utilised for where specific
properties at particular locations are required without compro-
mising the bulk material strengths [1-5]. In particular, resistant
layers of borides are produced in ferrous and non-ferrous mate-
rials through the well-developed process of boriding. In ferrous
materials, this thermochemical diffusion treatment generally
possesses superior hardening features than those found in con-
ventional processes like carburizing, nitriding or chromising, due
to the formation of single (Fe;B) or duplex (FeB-+ Fe;B) hard pha-
ses [3,6]. However, while the single Fe,B layer of ferrous materials
promotes a surface with high compressive stresses, the FeB phase
is very brittle and develops a surface subjected to high tensile
stresses [2,7-9]. At the end of the boriding process when the
temperature decreases to ambient, and if the duplex phase is
produced in the boride layer, stresses from such phases can lead to
crack formation at the FeB/FeB interface. This latter, due to those
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cause spallation leading to the separation of the duplex layer, or
else crack formation can appear under mechanical strain or ther-
mal and mechanical shocks [10,11]. On the other hand, the ther-
mochemical process of nitriding is also used to improve the wear
and corrosion resistance of engineering components, producing a
hard case and a soft and tough core. Nevertheless, significant
variation has been identified in the hardness gradient resulting in
ablated tribological performances [12,13]. To mitigate the brittle-
ness and those variations in microhardness, two multicomponent
surface treatments such as boro-nitriding are being investigated.
None(heless, Very Ilttle work has been devuted lo assess both the
f boron nitride
coatings on rerraus rm[enals [14-16]. In this smdy, boride-nitride
layers on pure iron have been investigated. Aspects of the film
formation and the characteristics of their mechanical response to
static and dynamic loads (namely hardness and friction behaviour)
under dry conditions were the focus of the study.

m;ﬁ 5.4 mm in diameter x 7 mm thickness)
ai CO iron bar with composition: Mn,
ind P, 20 ppm; and 5, 150 ppm [17]. Due to the fact
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In this paper, the mechanical and tribological behaviours of various compositions of aluminium 6063
alloy - clay (Al-clay) composites for brake pad applications were studied. The Al-clay composites with
5-30 wt% of clay particles of grain size of 60 BSS (250 microns) were developed through stir casting route.
The wear characteristics of Al-clay in dry sliding conditions were subjected to a series of Denison T62 HS
pin-on-disc wear tests. The action of two different loads (4 and 10 N), three sliding speeds of 200, 500 and
1000 rpm were investigated. The results of the mechanical and wear tests as well as the metallographic
investigation of optical, scanning electron microscopy and energy dispersive X-ray microscopy revealed
an improvement in the tensile strength, hardness and wear resistance in the composites with 10-25 wt%
clays. The best values were obtained at 15 wt%. Wear rate was highly influenced by applied load and slid-
ing speed. The developed composites with 15-25 wt% clay addition were similar to conventional semi
metallic brake pad in terms of wear and friction properties.

© 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aluminium based composites are gaining increased applica-
tions in the transport, aerospace, marine, oil and gas, automobile
and mineral processing industries, due to their excellent strength,
stiffness and wear resistance properties. However, their wide-
spread adoption for engineering applications has been hindered
by the high cost of producing components (Burkinshaw et al.,
2012). Hence much effort has been geared toward the develop-
ment of composites with reinforcements that are relatively cheap
and can compete favourably in terms of strength and wear charac-
teristics with composites reinforced with silicon carbide (SiC), alu-
minium oxide (Al,03) and graphite. Clay could be a potential
reinforcing component due to its availability and its major con-
stituents such as alumina (Al,03), silica (SiO;), oxides of iron
(Fe,03), titanium (TiO,), and sodium (NaO).
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Recently, great interest has been in the automobile and aviation
industries and many other industries to reduce strength-to-weight
ratio of components, improve the wear resistance of components,
and or enhance fuel efficiency as evidenced by extensive research
into aluminium-based composites (Rao et al., 2009; Rawal, 2001;
Das, 2004). One of such area being considered for potential weight
reduction is the brake system. Most cars today are built with disc
brake which consists of the caliper and a ventilated rotor. The cali-
per and rotor are typically made from ductile cast iron and grey
cast iron respectively. Cast aluminium and aluminium based metal
matrix composites (MMC) brake rotors give as much as 45-61%
weight reduction in the braking system (Sarip and Day, 2015;
Huang and Paxton, 1998; Macke and Rohatgi, 2012; Miracle and
Donaldson, 2001; Maleque et al., 2010). However, the major limi-
tation of the use of aluminium alloys is its soft nature, hence the
need for its reinforcement with high strength-stiffness materials
such as SiC, TiC, TiB,, B4C, Al,05, and Si3Ny4 (Jimoh et al., 2012). Clay
contains reinforcing materials such as Al,03, SiO, and Fe,05; with
trace presence of other materials (Esezobor et al., 2014) making
it a potential candidate as a reinforcing agent for the production
of metal matrix composite for wear applications. Wear is one of
the most commonly encountered industrial problems that leads
to the replacement of components and assemblies in engineering.
When two solid surfaces are placed in solid-state contact, it is
not easy to envision the absence of some wear even in the most

1018-3647/© 2017 Production and hosting by Elsevier B.V. on behalf of King Saud University.
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efficiently lubricated systems because of asperity contact
(Narayanasamy and Selvakumar, 2016).

During the sliding action, the hard ceramic particles detached
from the composite surface constitute a resisting barrier in reduc-
ing the wear rate of the composite material. The sliding wear
resistance of the composites with respect to that of alloy varies
with the process parameters (Al-Qutub, 2009; Alpas and Zhang,
1993; Balakumar, 2013). The three distinct regions of wear
reported by Alpas and Zhang, 1993 are dependent of load, which
include oxidative wear in which the oxide aluminium surface
layer is removed during sliding process. Other regions include
the mild wear in which the loss of material is dictated by
asperity-to-asperity contact and the wear that is controlled essen-
tially by subsurface deformation and fracturing of the surface (Suh
and Saka, 1980). These regions occur at low, medium and high
load regimes.

The braking system of a vehicle is usually subjected to a com-
plex state of stress which includes mechanical and thermal stres-
ses (Choudhury et al,, 2014). The material used in brake rotors
should, therefore be able to bear thermal fatigue and should absorb
and quickly dissipate heat generated during braking (Esposito and
Thrower, 1999). In a typical braking process, the hydraulic pressure
could be in the range of 2 to 4 MPa. The rotors could reach at a very
small duration, temperatures as high as 800 °C due to friction,

which could result to a thermal gradient up to 500 °C between
the surface and the core of the rotors (Macnaughta, 1998).

Friction materials for brake systems comprise metallic compo-
nents to improve their wear resistance, thermal stability and
strength. Metals such as copper, steel, iron, brass, bronze, and alu-
minium have been used in the form of fibres or particles in the fric-
tion materials. The friction and wear of these materials depend
mainly on the type, morphology, and hardness of the metallic
ingredients (Jang et al., 2004). A commercial brake lining usually
contains more than 10 different constituents categorized into four
classes of ingredients: binders, fillers, friction modifiers and rein-
forcements. The choice of the constituents is often based on indi-
vidual experience or a trial and error method to make a new
formulation (Hee and Filip, 2005).

The incorporation of clay particles in aluminium alloy will har-
ness the potential of its constituents (mainly Al,03+Si0O,) forming
multi-reinforcements composite with the prospect of it a suitable
substitute in wear resistant applications, in place of the monolithic
reinforcements such as SiC, Al;03, etc. currently in use.

Therefore, this paper will investigates the influence of various
weight fractions of aluminosilicate clay on the mechanical, friction
and wear properties of Al-clay composites for brake disc rotor
applications. The results will be compared with the results
obtained with a semimetallic brake pad (SMBP).

Table 1
Optical Emission Spectrometric analysis of AA6063.
Element Si Mg Fe Cu Mn Zn Cr Ti Al
% composition 0.429 0.425 0.225 0.004 0.026 0.002 0.006 0.033 98.850
Table 2
Atomic Absorption Spectroscopy (AAS) analysis of clay sample.
Parameters Si0, Al,03 Fe,03 MnO MgO Na,0 Ca0 K,0 BaO SO3 LOI
Level detected (%) 45.62 33.74 0.43 0.01 0.06 0.05 0.04 0.63 0.01 0.03 4.545

200um Electron Image 1

200um Electron Image 1

Fig. 1. SEM micrographs of: (a) As - cast AA6063 and (b) Clay particles.

0 1 0
[Full Scale 4478 cts Cursor: 0.000 Lull Scale 4478 cts Cursor: 0.000

Fig. 2. EDX analysis of (a) As - cast AA6063 and (b) Clay particles.
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Fig. 3. Particle size distribution of clay sample (Narayanasamy and Selvakumar,
2017).

2. Experimental

The Al-clay composites which consist of aluminium alloy
(AA6063) and 5-30 wt% of clay particles of grain size of 60 BSS
(250 microns) were developed through liquid metallurgy stir cast-
ing route. The AA6063 was supplied by Nigerian Aluminum Extru-
sion Company (NIGALEX), Oshodi, Lagos, and the clay was obtained
from Ikorodu town in Lagos State, Nigeria.

The tensile and Vickers hardness tests of samples were con-
ducted using respectively 50 kN Instron 336913477 machine and
Mitutoyo micro-hardness tester HM-122 in accordance with the
ASTM E8/E8M-13 standards. The Metallographic examination
was carried out using Zeiss EVO MA-15 Scanning Electron Micro-
scope (SEM)/Energy Dispersive Xray (EDX). The sample surfaces
were ground, polished using alumina suspension, and etched in
Weck’s reagent for 20 s as well as dried in still air. The microstruc-
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ture of each samples were also examined with a digital Leica
CTR6000 metallurgical microscope at 50 pm magnification.

The wear characteristics of Al-clay and SMBP in dry sliding con-
ditions were subjected to a series of Denison T62 HS pin-on-disc
wear tests. Cylindrical pins of 5 mm diameter were made from
the Al-Clay composite and SMPD. The action of two different loads
(4 and 10 N), on AISI stainless steel disc at three sliding speeds of
1.05, 2.62 and 5.24 m/s were investigated as per ASTM: G99-05
standard. The wear was measured by weighing the pins before
and after the test.

The volumetric wear rate was estimated by measuring the mass
loss, Am in the sample after each test. The volumetric wear rate W,
which relates to the mass loss to the composite density, p and the
sliding time, t was evaluated using the expression in Eq. (1):
T 1)

pt

However, it is more appropriate to express the wear results in
terms of wear constant K as extracted from Archard’s law. For
known values of wear volume V, Vickers hardness H of the softer
component, sliding distance S, and normal load L, the wear coeffi-
cient is given in Eq. (2):

VH

K=Tc (2)

Coarse
grain

3. Results
3.1. Mechanical properties

The results of the analysis of the aluminium alloy and the clay
are presented in Tables 1 and 2 respectively. Figs. 1 and 2 show
the SEM images and the EDX analysis of the AA6063 and clay sam-
ples used in this study respectively.

The results of the SEM/EDX (Figs. 1 and 2) revealed the as cast
sample contains proportion of Al, Si and Mg in the range expected
in AA6063, while clay sample contains the right proportion of Si,
Al Fe, O, Mg, Na, Ca and K that placed it in the range of aluminosil-
icate clay group as classified by Chesti, 1986. The size distribution
of the clay particles is shown in Fig. 3.

The UTS of the composite samples increases as the addition of
clay increases to a peak value of 133.98 MPa at 15 wt% clay particle
addition over the conventional AA6063 of 104 MPa. Further
increase in clay particle addition to 30 wt% clay resulted in a
decline in the UTS to 122.29 MPa (Fig. 4).

The Vickers hardness values of the Al-clay composite are pre-
sented in Fig. 5. The increase in the percentage of clay particle
addition was accompanied with corresponding increase in the
hardness values and it reached a maximum value of 76.7 HV at
15 wt¥% after which the hardness value declined to 67.3 at 30 wt
%. The percent elongation (ductility) values of the Al-Clay compos-

Refined
grains

Fig. 6. Optical microstructure of the samples (a) As cast AA6063, (b) 5% clay, (c) 10% clay, (d) 15% clay, (e) 20% clay, (f) 25% clay, (g) 30% clay, (h) SMPB.

Please cite this article in press as: Agbeleye, A.A, et al.. Journal of King Saud University — Science (2017), http://dx.doi.org/10.1016/j.jksus.2017.09.002



http://dx.doi.org/10.1016/j.jksus.2017.09.002

A.A. Agbeleye et al./Journal of King Saud University — Science xxx (2017) XXx—xXX

—&—4 N, 500 rpm
=®=—4 N, 1000 rpm

—d—10 N, 200 rpm
3.5x10™ 4 =ag=10 N, 500 rpm
| —§—10 N, 1000 rpm
3.0x10™
2.5x10™
£
<
g 2.0x10™
I
©
= 1.5x10™ o
3
s
1.0x10"
5.0x10™ -
004 — ‘
T T T T T T T T
3 & g g g g ) g
S = 3} 3] 3} 3} o o
2 I 2 2 2 2 2 2
o 2 2 & & 8
Samples

Fig. 7. Dimensional wear coefficient of test samples at varied loads and sliding
speeds.

ites as presented in Fig. 5(c) show appreciable response to increase
in clay particle addition. Strain values generally decrease with
increase in clay particle addition with the minimum value of
5.7% attained at 20 wt.%.

3.2. Microstructure

The results of the metallographic examination of all the samples
are displayed in Fig. 6. The clay particles are fairly distributed along
the grain boundaries of the AA6063 matrix. The addition of the clay
particles is observed to have enhanced the formation of finer grains
(Fig. 6(b-h)) as compared to the as-cast AA6063 (control sample)
(Fig. 6a).

3.3. Wear characteristics

The result of the wear test of the composites with various
weight fractions of clay particles is displayed in Fig. 7.

The wear rate decreases with increase in the weight fraction of
the reinforcing agent (clay) as compared to conventional AA6063.
The lower wear rate observed at optimum condition between
15-20 wt¥% clay is due to enhanced hardness by the dispersion of
the hard intermetallics over the AA6063 matrix, which acted as
load supporting elements (Essam et al.,, 2010; Devaraju et al,,
2013a,b; Kumar and Balasubramanian, 2008).

The wear behaviour of the developed composites is similar to
the SMBP at lower sliding speed of 200 rpm for all samples. In
some cases, the composites have enhanced wear properties. This
behaviour can be attributed to the release of the clay particles on
the surface during wear process, which to an extent may prevent
metal to metal contact and also serve as solid lubricants (Tjong
et al,, 1999). On the other hand, the wear rate increases with
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Fig. 9. EDS layered image of wear track.

Fig. 10. Optical microstructure of worn surfaces of samples (a) As cast AA6063, (b) 5% clay, (c) 10% clay, (d) 15% clay, (e) 20% clay, (f) 25% clay, (g) 30% clay, (h) SMPB.
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increase in the normal load and sliding speed. This trend was also
observed in the work of Devaraju et al., 2013b. However 10-25%
weight fraction at 10 N and 500 rpm show increase in the wear
rate of the composite. This shows the dependence of load and
the weight fraction of clay particle on the wear behaviour of the
composite over conventional AA6063.

3.4. Friction characteristics

The variation of coefficient of friction (CoF) of the test samples
with the sliding time with respect to the various sliding load and
the rotating speeds in dry conditions is presented in Fig. 8. It was
observed that the CoF increased sharply in the first few seconds
and then attained a nearly steady value with the sliding time.
The initial high value of the CoF can be attributed to the roughness
at the surface of the specimen (Sharma et al., 2012). However, the
CoF value increases with increase in load at low rotating speed.

However, at higher speed the average CoF is found to be inde-
pendent of load during the first few seconds of the experiment.
After a while, the amplitude of CoF increases at high load, produc-
ing fluctuating values of CoF. This could be due to the presence of
higher volume of wear debris trapped at the contact zone creating
a third body effect within the contact surface, resulting in decrease
in metal removal during the wear test (Devaraju et al., 2013b).

3.5. Worn surface morphology

The morphology of the worn test samples showed in Fig. 10
indicate that there exist three microstructurally distinct areas with
the wear tracks. These areas include: bright coloured area with
scratches (part of the based metal), light grey areas, and dark grey
areas.

The bright coloured area on the micrographs is the uncovered
metal surface. This appears smooth, indicative of mild oxidational
type of wear with no or minimal cracks. The grey area on the other
hand, appear to be consisting of smaller compacted particles and
with considerable cracks appearing on the surface. The oxidation
of ruptured particle during sliding is called fragmented oxide par-
ticle. When this small particles were oxidized and emitted during
sliding, they reduced the sliding contact surfaces. The fragmented
oxide particle acts as a lubricating agent, and it may reduce wear.
Consequently, no plastic deformation will occur on the worn sur-
face of the Al-Clay composite (Narayanasamy and Selvakumar,
2017).

4. Discussion

The improvement of the UTS and microhardness with the incre-
ment in the weight fraction of clay particles may be due to the
presence and pinning effect of the clay particles (Khraisat and
Abu Jadayil, 2010; Essam et al., 2010; Devaraju et al., 2013a,b),
which serve as impingement for the movement of dislocations
and as a result restrict the sliding of the grain boundaries. The
results of the mechanical property tests also indicate that ductility
of the AA6063 was influenced by the amount of clay particles addi-
tion. This is evident with a decrease in percent elongation, which
dropped to its minimum at 20 wt¥% clay particle addition.

The improved mechanical properties of the composite (Fig. 5)
can be attributed to the combined effect of grain refinement pro-
pelled by increase in clay content and the formation, precipitation,
and distribution of hard intermetallic compounds (Khraisat and
Abu Jadayil, 2010). Previous studies (Marioara et al., 2003;
Kuijpers et al., 2003; Miao and Laughlin, 1999) have shown that
the mechanical properties are highly influenced by the precipitates

of hardening B(Mg,Si) phase. The strength is also influenced by the
intermetallic phases formed during solidification of the alloys.

The Compositional variations of wear track as presented in
Fig. 9 shows higher oxygen content of tribo-layer. This might be
due to presence of oxides of elements (such as Al, Si, Cu, Sn, and
Fe) present in the test materials.

Wear debris is attributed to delamination and fatigue wear of
tribo-layers. Other sources of debris formation were identified as
pin material fractured particles mostly at edges, and formation of
third body abrasive particles during the test by tribo-oxidation
and mechanical mixing of test products.

5. Conclusions
It can be concluded that:

(i). The addition of clay particles generally improved the
mechanical properties, wear resistance and CoF of the
AA6063.

(ii). The wear behaviour of the developed composite is depen-
dent on the applied load, sliding speed and the weight frac-
tion of clay particle additive.

(iii). The wear and friction properties of the developed composite
with 15-30 wt% clay particles addition are similar to that of
SMBP and therefore can be substituted.

(iv). The low wear rate exhibited at the surface of the developed
composite occurred as a result of the presence of fractured
particles between the composite pin and steel disc surfaces.
The particles served as load bearing elements as well as solid
lubricant.
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Several components in the oil and gas industry are subjected to wear and corrosion. This work evaluated the
feasibility of using Diamond-Like Carbon (DLC) coatings in Subsea Safety Control Valves (SSCV), piston and
pumps. These are made from API X65 carbon steel and are subjected to wear and corrosive/saline environments.
Coatings were deposited using Plasma Enhanced Chemical Vapour Deposition (PECVD). The electrochemical
behaviour of Silicon-doped and Hydrogenated DLC films was evaluated before and after wear tests. Film
characterisation included nano-indentation, surface roughness, micro-abrasion testing, Raman spectroscopy,
atomic force microscopy and scanning electron microscopy. Electrochemical tests and electrochemical im-
pedance was also measured. Sliding wear tests against silicon nitride were conducted with a maximum initial
Hertz stress of 150 and 400 MPa under dry and wet conditions. The H-DLC had better wear performance than Si-
DLC. The advantages of H-DLC were related to higher hardness increasing the wear resistance; small galvanic
coupling between DLC and steel, inhibiting the localised corrosion into the DLC defects; lowest anodic current,
suggesting high resistivity to use as a corrosion barrier for steel and the corrosion process on the substrate that

did not affect DLC properties (adhesion and wear/ corrosion resistance).

1. Introduction

The recent interest and great challenges for oil and gas companies
are to improve the efficiency and viability of crude oil recovery.
However, there are some barriers related to the viability for commercial
extraction, such as the water/ oil that contains high salinity and sand
particles. Therefore, DLC films can be a good candidate for protection of
carbon steel used in critical equipment of oil transportation that need to
preserve its structural integrity. For example, Subsea Safety Control
Valves (SSCV), pistons and pumps. DLC coatings could improve the oil
carriage by reducing friction, wear and corrosion inside the pipelines
and their components.

Currently, the main methods used to avoid internal scale corrosion
are inhibitors due to the fact that they promote adsorption of films on
the surface, and as a result, enhance the corrosion resistance by forming
a compact protective layer [1-3]. However, there are a number of
conditions that can affect the efficiency of these inhibitors, such as fluid
(composition, temperature, flow velocities, pressure of CO, gas, wett-
ability of the fluid, fluid density and types of crude oil), solid particles

(sand contents, size, attack angle of the particles, density and velocity)
and steel (hardness, microstructure, strength, ductility and toughness)
[1,2]. Seamless steels coated with resin are used to improve the wear
and corrosion resistance in pipelines and drills [4]. However, polymeric
coatings lack hardness and can be degraded. Because of this, DLC
coatings could be applied on internal parts of pipelines providing good
corrosion resistance for oil and gas applications [5,6].

DLC coatings are designed to have a combined resistance to wear
and corrosion in automotive and biomedical areas [7-13]. However,
DLC has not been widely studied and used in some parts of the crude oil
exploration, such as SSCV, pistons and pumps. For the above reason, the
study to evaluate the feasibility of using this coating for surface mod-
ification of carbon steel is very interesting for the oil and gas cor-
porations.

The properties of DLC could improve the efficiency for the transport
of oil by reducing the friction, wear and corrosion inside the equipment
[3], such as: amorphous and inertness structure, hydrophobic, low
coefficient of friction (CoF), high corrosion resistance, high hardness,
high Young's modulus and good wear/abrasion resistance
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[7-10,14-16]. Then, PECVD could be a good option to create an in-
ternal scale corrosion barrier for a carbon steel to avoiding the pre-
cipitation of salt scales. However, the main results in the literature are
associated with defects and microstructure. Only few papers have been
postulated to corrosion resistance for DLC coatings [1,2,5,14,17].

Manhabosco et al. [10] reports that the main problem for DLC
coatings is associated with failure and delamination of the film. Defects
are related to poor adhesion of the film, plastic deformation of the bulk
material and cracking on the surface coating, which could be linked to
chemical and mechanical properties between the film and substrate
[18]. Therefore, adhesion layers and surface treatments are being stu-
died to improve the mechanical properties, like load bearing capacity,
hardness and tension distribution between the film and bulk material.
According to Hadinata et al. [17], there is an extremely high mechan-
ical resistance in DLC coatings mainly associated with wear/corrosion
resistance, despite some electrochemical parameters involved in the
process were not completely explained.

There are several studies related to tribocorrosion of stainless steel
coated with a-C:H films. However, literature reporting the combined
effect of the tribological conditions in a corrosive medium for a-C:H and
a-C:H:Si using carbon steel as a substrate is scarce [1,2,5,7-9,14,17].
The behaviour of these materials subjected to tribocorrosion can be
very complex owing to many parameters involved in the process, but
sliding testing simultaneously with the use of electrochemical techni-
ques could contribute to better understand the deterioration effect that
takes place.

In this work, the tribological and electrochemical performance of
two different functional layers on carbon steel was studied, namely
amorphous hydrogenated DLC and silicon doped DLC.

2. Experimental details
2.1. Materials

The H-DLC and Si-DLC coatings were deposited on API X 65 carbon
steel discs of dimensions 25 mm in diameter and 6 mm in thickness. The
substrates were mechanically polished using 1 um diamond paste with
a maximum roughness of R, = 0.08 um. After polishing, the specimens
were ultrasonically cleaned in acetone (10 min) followed by rinsing in
deionised water and dried in air jet. The substrates were first cleaned
inside the chamber with sputter-etch in argon prior to any deposition.
The coatings were produced using the PECVD technology, and the CoH,
gas was selected for the reaction gases at a pressure of 0.3 Pa. The
substrate was maintained at the temperature of less than 200 °C, the
pulsed bias was a voltage of 780 V with a frequency of 40 kHz for the
plasma. The deposition rate was about 0.8 um min "' for hydrogenated
DLC and 0.6 ummin~! for Si-DLC. The deposition time is about
126 min for the interlayer and 138 min for the DLC films. The deposi-
tion procedure included an adherent Cr interlayer (by DC magnetron
sputtering) followed by the DLC coating, namely, Cr/WC/a-C: H, with
20-40 at% of H content and Si-DLC.

2.2. Characterisation of the DLC coatings

The roughness of surfaces was evaluated using two-dimensional
contacting profilometry (Talysurf5, Taylor-Hobson, UK). Surface
roughness data of 8 mm trace was analysed to the least square line, with
Gaussian filter, 0.25 mm upper cut-off and bandwidth 100 + 1.

The hardness and elastic modulus values were measured by depth-
sensing Nano indentation (MicroMaterials, Wrexham UK). The diamond
indenter was a Berkovich tip. The load was incremental with depth
from 1 to 100 mN and a matrix of 50 indents was used. The maximum
penetration was of 10% of the film thickness to avoid the influence of
substrate.

Atomic Force Microscopy (AFM, Bruker, ICON dimension with scan
assist) was used to analyse the surface topography before and after
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tribology tests (outside and inside the wear scar). The surfaces were
cleaned with acetone before analyses. The scan images were obtained
using a silicon tip (cantilever stiffness ~0.4 N/m and tip radius of
~10 nm) in contact mode and a scan area of 10 um X 10 um.

A Renishaw Raman spectrometer was used to characterise the
bonding structure of the DLC films. The extended and static modes were
used to detect chemical compound formation and the carbon peaks
(disorder D and amorphous graphitic G peaks), both for the coating
structure before and after wear tests. All measurements were carried
out in air at room temperature (20 = 2 °C), 35-50% RH, with a wa-
velength of 488 nm and 2 mW power. Data was fitted with a Gaussian
Line shape to show the G and D peaks positions and the ratio of peak
intensities. The Ip/Ig ratio was considered as an indicator of the carbon
sp>/sp° structure. Curve fitting was done considering full-width at half-
maximum (FWMH) as constraint.

Scanning Electron Microscopy (Zeiss EVO MA15 Variable Pressure
and field emission SEM) was used to evaluate the surface morphology
and cross section microstructure to examine the multilayers (adhesion
and DLC layers), before and after wear tests. Assessment of the surface
chemical composition and cross section of the coating was carried out
with the energy dispersive spectroscopy (EDS). Hydrogen element (Z =
1) do not have characteristic X-rays and therefore it is not shown both
in the corresponding EDX analysis and the composition profiles.

White light interferometry (NPFLEX Bruker) was employed after
tribology test to determine the volume and area of the worn track.
Optical microscopy (LEICA DM 6000 M) was utilised to analyse the
diameter of wear scars on the balls after tribology tests.

2.3. Mechanical tests

The scratch test is an effective method to obtain critical load and to
identify the beginning of failure along the film. The tests were carried
out using progressive loads from 0.1 to 80 N with a load rate of 100 N/
min and for a transverse scratch length of 8 mm in dry condition. The
scratch tester was equipped with an acoustic emission monitoring
Sensor.

The tribological tests of H-DLC and Si-DLC were carried out with a
ball-on-plate tribometer. The horizontal frictional force is measured by
the load cell which is a piezo-electric transducer that converts the
analogue signal into a digital one to be then processed by Labview
software. Steel balls are often used as a counter body to study only
tribology aspects [19]. However, tribocorrosion is the aim of this study,
which uses more complex parameters to analyse. In this study, we si-
mulate extreme wear conditions by using SisN, balls as high hardness
counter body. These also own to have a good chemical stability and
avoid galvanic coupling between both surfaces during tribocorrosion
experiments. Ceramic balls used were composed by Si (62.0 wt%) and
N (37.5 wt%) with a 12 mm diameter, 0.02 um surface roughness and
hardness of HV5sq ; 1600. These were used in a reciprocating movement
against stationary DLC coated steel. The maximum Hertzian contact
pressures (P,.,) were of 150 MPa and 400 MPa for 6 h, at a frequency
of 1 Hz, sliding velocity of 0.02 ms™' and 10 mm sliding stroke. These
contact pressures were defined to simulate real conditions where
equipment for oil and gas can be subjected. The tests were carried out at
room temperature of 18-23 °C in dry condition with relative humidity
approximately of 25% RH and in wet condition with a solution of 3.5%
NacCl at pH 6.5.

2.4. Electrochemical tests

A computer-controlled potentiostat (Solartron potentiostat/galva-
nostat) was used for the electrochemical tests. In this study two
methods were used: Potentiodynamic and EIS. Potentiodynamic po-
larization curves. Anodic polarization curves, naturally aerated with
scan rate of 30 mV/min and in a range from —1.8V up to + 0,5V,
performed separately. Electrochemical impedance spectroscopy (EIS):
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Fig. 1. Backscattering SEM images of cross section and linear EDS
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30 kHz-10 MHz. For the polarization and impedance tests were carried
out before and after the tribology tests with the solution of 3.5% NaCl,
pH: 6.5 and at room temperature of 18-23 °C. Prior the tests, the
samples were immersed in the solution for 30 min to stabilize the open
circuit potential (OCP). The conventional three electrodes cell was used
with an Ag/AgCl/KCl (Thermo Scientific) as reference and counter
electrode, and DLC films as a working electrode.

3. Results and discussion
3.1. Characterisation of DLC films

Fig. 1 shows SEM backscattering images of adhesion layers of Cr/
WC for H-DLC and Cr/WSi for Si-DLC; and EDS line scan spectra of cross
sections. H-DLC (Fig. 1a) exhibited a surface layers composed of iron
(carbon steel), adhesion layers of Cr (1.7 pm), W (1 um) and a final
layer of H-DLC (2.7 um). Si-DLC (Fig. 1b) presented adhesion layers of
Cr (1 um), W (1 um) and a final layer of Si-DLC (3 pm) The interface
between both films and bulk material showed to be homogeneous all
over the surface analysed and without the presence of defects. An in-
terlayer of W was detected in both subtract. Literature [20,21] shows
that the interlayer WC and H forms a non-stoichiometric hydrogenated
tungsten carbide WC: H, also known as W-C:H or as W-DLC.

Literature [5,8,14,17,22] shows that the Raman spectrum of the
coating has two types of C-C bonding structure, where diamond-like
(sp® - D band) is found between 1200 and 1450 cm ™~ ' and graphite-like
structure (:;p2 — G band) between 1500 and 1700 cm ™~ !. Raman spec-
trum of DLC films before and after wear tests are presented in Fig. 2,
exhibiting D (Diamond-like) and G (Graphite-like) bands. Both DLC
coatings showed peak of G higher than D, indicating graphite-like
structure as predominant in both films. The spectrum of H-DLC (Fig. 2a)
shows D and G bands with peaks (Raman shifts) of 1365 em ™! and
1549 cm ™, respectively. Hence, the ratio of D and G peaks (Ip/Ig) was
0.42. Si-DLC (Fig. 2c) spectra shows D and G bands with peaks of
1321 cm ™! and 1501 em ™!, respectively and with ratio of D and G
peaks as Ip/Ig = 0.24.

AFM images of surface topography, before wear tests, are presented
in Fig. 3a-b. H-DLC film (Fig. 3a) shows a roughness surface containing
large and small grains, compact and homogeneous. A maximum
roughness (Ry) of 3.10 um was obtained calculated from an area of
10x 10 um. The maximum roughness of H-DLC was 0.13 um slightly
smoother surface than Si-DLC (Fig. 3a), with Ry = 0.27 um, which also
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acteristics.

After wearing of the H-DLC surfaces, an increase of roughness was
generally observed. This indicates that when the contact pressure in-
creased, the plastic deformation of the surface asperities also increased.
The samples under dry environment at 400 MPa (Fig. 3e) were the
worst condition due to film delamination. Therefore, bits of H-DLC
coating were emerged off the surface of API X 65 carbon steel, as SEM
images shows (see Fig. 4c). The best lubricated conditions were shown
to H-DLC coating under wet condition submitted to 150 MPa contact
pressure. The results presented the lowest roughness change and sur-
face degradation, as SEM EDS linescan detected very low variation of
carbon across the wear track (see Fig. 4b).

The Si-DLC (Fig. 4e) had the largest wear track and wear rate when
compared to H-DLC which presented total delamination. It probably
occurred because Si-DLC presented lower hardness than H-DLC, pro-
moting less resistance to wear. Nano indentation results demonstrated
hardness values of 20.4 and 14.1 GPa for H-DLC and Si-DLC, respec-
tively. In addition, according to Jellesen et al. [23], the amount of sp>
bonding and hydrogen are important to improve the hardness and wear
properties. Thus, H-DLC presented more hardness and more wear re-
sistance than Si-DLC.

The DLC film presents a meta-stable structure that is formed by an
amorphous carbon with some crystalline phases and fractions of sp® and
sp® bonds. The characteristics of the sp® bonds are associated with
mechanical (hardness, rigidity, fracture toughness, wear and friction),
chemical and electrochemical properties (corrosion resistance). In ad-
dition, the sp? controls the electronic properties [15].

Liu and Kwek [14] have shown that the formation of sp3 bonds
occurs when the bulk surface received the carbon ions in higher kinetic
energy, which can be produced by increasing the pulse bias during the
deposition process of the DLC film. Therefore, the kinetic energy of the
carbon ion tends to increase when there is a high voltage applied on
DLC film deposition process, causing the formation of diamond-like (sp>
— D band) by the bombardment of carbon ions on the bulk surface.
However, when there is a high value of bulk bias, a high energy of
carbon ions, applied by a pulse bias above 500 V, promotes the gra-
phitization by the formation of a DLC film with graphitic clusters
spread, causing a roughness on the surface of the DLC coating. This
explains the results obtained in this work, i.e. since the DLC films were
deposited at 780V, it presented high concentration of graphite-like
structures (sp> — G band, Fig. 2a and c) and high roughness (observa-
tions through AFM, Fig. 3a and b).
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Fig. 2. Raman spectra (a) H-DLC before wear test, (b) H-DLC after wear test and (c) Si-
DLC before wear test.

3.2. Mechanical properties

H-DLC presented Young's modulus, hardness and roughness of
181.2 = 7 GPa, 20.4 + 3GPa and 0.02 + 0.005 pm. Si-DLC had
132.6 = 9 GPa, 14.1 + 4GPa and 0.002 + 0.0005 um, respectively.
The scratch tests on Si-DLC (Fig. 5b) revealed good adhesion to carbon
steel substrate with a critical load of 23 N of the incremental load
(2.3 mm depth) with no signal of cracking. Point A (Fig. 5b) indicates
the onset of angular cracks at the edge of the groove caused by a higher
load of almost 40 N at the rear of the contact end but with no evidence
of adhesive failure. The high amplitude of acoustic emission (AE) peaks
at point B, namely, penetration depth of 4.8 mm and a load of 50, 31 N,
are evidence of material activity and with the aid of the images, the
presence of transverse semi-circular cracks in the bulk material can be
observed. This situation is sustained until the test was completed. From
all the above, it can be considered critical load > 23 N for the present
coating without any interfacial fracture or adhesive failure. Unlike Si-
DLC, the H-DLC coating revealed weaker coating resistance since the
beginning of the test as shown in Fig. 5a. From the evident small peaks,

63

Wear 394-395 (2018) 60-70

there is a possible premature failure which could be due to microscopic
interfacial fractures with a critical load of 5.3 N. This behaviour could
also be indicative of insufficient adhesion. However, as the indenter
advances forward and penetration depth gradually increases with the
scratch load and there is no evidence of flaking and/or delamination
into the groove or by the edges of it. Therefore, it clearly establishes
that H-DLC coating is less ductile than the Si-DLC. Thus, H-DLC pre-
sented better mechanical resistance, probably due to higher hardness.
There was no evidence of adhesive failure.

Fig. 6 shows the variation of coefficient of friction (CoF) with
contact pressures of 150 e 400 MPa and in dry and wet conditions. A
summary of CoF values at the end of sliding test are given in Table 1. H-
DLC exhibited lower levels of CoF than Si-DLC for all test conditions.

The highest CoF of Si-DLC occurred in dry conditions. Unlike the Si-
DLC, a better adhesive strength was observed on the H-DLC, i.e. its
surface did not undergo adhesive failure after the wear test under wet
conditions at the lower contact pressures. This results are confirmed by
SEM EDS linescan (Fig. 4), in which carbon and silicon are the trace
element that confirm the presence of H-DLC and Si-DLC coatings, re-
spectively.

The borderline difference of CoF between Si-DLC results is asso-
ciated with the solution, while for H-DLC the contact pressure played
more important role. As shown in Fig. 6 and Table 1, the H-DLC and Si-
DLC coatings undergo a reduction in friction under wet conditions. The
literature [24,25] describes that DLC films do not undergo elastic and
plastic deformation under the metal substrate submitted to high loads.
Therefore, lubricants are used to reduce the wear and friction on DLC
films, such as ionic liquids that reduce the friction and increase the load
carrying capacity. Based on this researches, it is evident that NaCl so-
lution can also reduce the friction. However, this solution is rather
aggressive and capable of attacking the metal substrate at the localised
defects in the coating.

H-DLC tested with a contact pressure of 400 MPa in dry conditions
presented a decrease of CoF during test. According to Manhabosco et al.
[10], such reduction is linked to the roughness and hardness of the H-
DLC coating. The contact pressure is mostly concentrated at the top of
the material crests when the sliding starts, and this small contact area
induces higher shear stress.

The variation of CoF with sliding distance with respect to loading in
H-DLC tested under both conditions, clearly shows a decrease in the
steady state values of CoF when the contact pressure is augmented. In
general, this reduction occurs when the contact pressure of some carbon
layers of the H-DLC film are transferred to the ball creating a lubricious
graphite-like or amorphised transfer layer at the interface of coating
and counterpart. This is graphitization process that develops on the H-
DLC surface. These results are also in agreement with [10,26] where the
CoF of the H-DLC is attributed to the high coating hardness. It was also
demonstrated by Costa et al. [4] that the CoF of the DLC in 3% NaCl
after 1000 cycles reached 0.11.

The graphitization of the wear track was confirmed by Raman
spectroscopy (Fig. 2b). Raman spectroscopic measurements were per-
formed at several locations of the wear track at the end of the sliding
test of the H-DLC coating. The spectra have D and G peaks of
1362 cm ™! and 1573 cm ™!, respectively. The ratio of D and G peaks
(Ip/Ig) is 0.82. Therefore, comparing the Raman spectroscopies (Fig. 2a
and b), the ratio of D and G peaks Ip/Ig increased from 0.42 for the
virgin coating to 0.82 after the wear test. According to Costa et al. [4],
the increase of ID/IG ratio indicates the formation of a graphite layer
over H-DLC surface during the tests. The phase of diamond-like (sp® - D
band) transformed in graphite-like structures (sp2 — G band) because of
the stress-strain state imposed by the sliding friction of the tribo pair.

It should be noted that the above analyses were done only for H-DLC
coating because Si-DLC coating exhibited significant spalling and de-
lamination in all test conditions. Therefore, the coefficient of friction
values with contact pressure of 150 and 400 MPa (see Table 1) are al-
most the same to Si-DLC coating. It probably occurred because with
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contact pressure of 150 MPa was already sufficient to cause damage on
the coating surface.

The measurements of wear scars diameter on the silicon nitride balls
and the wear rate are shown in Table 2. The largest diameter of wear
scars, for each coating, correspond to the highest load under dry con-
ditions. The wear scar diameters and wear rate for Si-DLC were con-
sistently higher than H-DLC; this seems linked to the Si-DLC having a
higher CoF compared to H-DLC under all conditions (Table 1). The mass
loss of DLC surfaces occurred in all tested conditions, being less for the
contact pressures of 150 MPa and wet conditions.

A comparison between the wear rates of the coatings tested at dif-
ferent conditions and contact pressures is also shown in Table 2. Dry
conditions (high friction) with higher contact pressures as expected was
the most severe test. Si-DLC showed the widest wear tracks and highest
wear rates due to an adhesive failure. This result could be likely at-
tributed to the resistance to wear in terms of the hardness, ductility and
stiffness of the coatings. As previously determined, the hardness and
elastic modulus of Si-DLC coating were 30% and 26% respectively;
noticeably inferior to H-DLC coating.

Table 2 shows that H-DLC presented consistently lower wear than
Si-DLC. Results are proved by SEM micrographs and EDS (Fig. 4). A
better adhesive strength was observed on H-DLC, i.e. its surface did not
undergo adhesive failure after wear test under dry and wet conditions
at lower contact pressures (Fig. 4a and b). However, when increased the
contact pressure occurred detachment of the coating (Fig. 4c and d). Si-
DLC did not exhibited sufficient adhesion under both dry and wet
conditions at lower contact pressure (150 MPa) (Fig. 4e). The detach-
ment occurred along the wear track after sliding.

Despite knowing that higher stresses in the contact promoted gra-
phitisation of the H-DLC, particularly under dry conditions, it should be
noted that the carbon transfer weakens the coating structure and above
some critical point when coating cannot withstand higher loads and
failures arose from the detachment of the coating by interfacial frac-
tures with the consequent increase of wear (Fig. 4c). Conversely, the H-
DLC under wet conditions appears to be that graphitisation promoted
by the impinged stresses in the contact is not completely suppressed

64

Wear 394-395 (2018) 60-70

Fig. 3. AFM images: (a) H-DLC before wear tests, (b) Si-DLC be-
fore wear tests, (c) H-DLC - Dry condition at contact pressures of
150 MPa, (d) H-DLC - Wet condition at contact pressures of
150 MPa, (e) H-DLC - Dry condition at contact pressures of
400 MPa and (f) H-DLC - Wet condition at contact pressures of
400 MPa.
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-223.0 nm

-1.3 um
847.0 nm
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since the carbon contents remain as graphically shown in Fig. 4b and d.
Analogously, it is also in agreement with behaviour of the CoF, where
the variations of the CoF are scarce (Fig. 6). For Si-DLC coating, the
lacking of adherence of the coating was observed in all test conditions.
Analyses by EDS linescan shows enough evidence of the delamination
failures, as can be seen in Fig. 4e.

Fig. 3c-f shows AFM analysis of H-DLC worn coatings under dry and
wet conditions at contact pressures of 150 and 400 MPa. In both con-
ditions, an increase in the surface roughness was identified, although,
as expected to a lesser extent for the lowest loads. Again, no measurable
features are given for Si-DLC coating because of the delamination
failures throughout the tests.

3.3. Electrochemical properties

Fig. 7 shows anodic polarization curves obtained in naturally aer-
ated 3.5% NaCl solution and Table 3 shows the polarization curves
data. Tests were carried out on H-DLC and Si-DLC coatings before wear
test and H-DLC film after wear test with 150 MPa of contact pressure
and wet condition. This latter condition was selected because it was the
only condition found without any substantial adhesive failure on the
coating surface, as demonstrated by SEM/EDS examinations (see
Fig. 4b).

H-DLC film (before wear test) had an initial OCP of —0.543 mV and
after wear test of —0.496 mV, indicating that after wear test approxi-
mated to the OCP of carbon steel (—0.477 mV). It probably happened
because of the presence of Nano-defects on the H-DLC surface provoked
by wear test. Plus, the galvanic couple formed between the H-DLC
coating and the surface of carbon steel is very low because of the
narrow difference between these OCP values. These results are in
agreement with the literature [1,5]. Wang et al. [5], claim that if there
is a failure on the surface of the DLC film exposing the metal surface,
the localised corrosion could be easily inhibited by virtue of the DLC
film and carbon steel have almost the same OCP. Consequently, the H-
DLC provide a good improvement on the integrity against internal
corrosion in carbon steel, given the protective barrier of the film and by
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obstructing the pitting corrosion process on the bulk carbon steel. These
results are in accordance with Hadinata et al. [17], where the coated
samples without defects and with defects had similar OCPs in relation
to the OCP of the carbon steel. The Si-DLC revealed a more negative
OCP (—0.676 mV) than the H-DLC. Thus, the galvanic couple between
this Si-DLC film and carbon steel is larger.

The H-DLC and Si-DLC coatings prior the wear assessment, revealed
an increased corrosion resistance compared to the carbon steel as
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expected. The carbon steel, in turn, exhibited active dissolution in the
solution (Fig. 7). The corrosion current density measured at 200 mV
above OCP (Table 3 and Fig. 7) was 2 orders of magnitude higher on
carbon steel than DLC coating. Before wear tests, H-DLC was around
107° A cm ™2 and after wear tests were around 10~7 A cm ™ 2. For Si-
DLC, corrosion current density was 10~ ° Acm™2. Comparing these
values with the corrosion current density of carbon steel (102
A cm™2), even with defects DLC films presented less anodic current
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Table 1 = H-DLC coating before wear test
Comparison of CoF at the end of rubbing test for H-DLC and Si-DLC. 06— ¢ Si-DLC coating before wear test
] = H-DLC coating after wear test
Coating Contact pressure (Mpa) 0,6 A Carbon Steel X-65
150 400 />—'\ 0,4
35 J
Dry Wet Dry Wet 2’ 0,2+
H-DLC 0.16 0.15 0.10 0.09 > 00 1
Si-DLC 0.43 0.24 0.48 0.31 < 57
S 0,2
S J
Table 2 S 0.4+ 1 A A
Diameter of wear scars on the counterparts (SizN4) and wear rate for different environ- o 0 6—- I o
ments and contact pressures. o
— - S -
Contact Pressure (MPa) Condition Diameter (mm) Wear Rate (mm~/N.m) 1E9 1E-8 1E-7 1E6 1E-5 1E-4 1E-3 001 0,1 1
. 2
Si-DLC  H-DLC  Si-DLC H-DLC Current Density [A/lcm?]
150 Dry 0.987 0.429 1.30E—07 5.57E—09 Fig. 7. Anodic polarization curves of H-DLC and Si-DLC coatings and bare steel in 3,5%
Wet 0790 0328  172E-07 4.60E-10 NaCl, naturally aerated, pH 7.
400 Dry 1.302 0.770 1.03E-06 5.83E—09
Wet 1.197 0.665 3.29E—-06 5.54E-09

density than carbon steel. This occurs probably because the exposed

area of carbon steel due to nano defects of DLC after wear tests were
much smaller than the area of carbon steel specimen. Therefore, these
values are important to compare results of each condition, showing that

66



A.H.S. Bueno et al.

Table 3
Open circuit potential (OCP), current density values measured at 200 mV above the OCP.

Sample OCP (V) (Ag/ Pot. (V) 200 mV Log i (A/cm®) 200 mV
AgCl/KCD) above OCP above OCP
Steel —0.477 —0.247 2.21E-02
H-DLC -Before —0.543 —0.343 1.60E—-09
wear test
H-DLC —After wear  —0.496 —0.296 3.44E—-05
test
Si-DLC -Before —0.676 —0.476 7.67E—07

‘wear test

anodic current density increased on DLC coatings with defects. How-
ever, to measurement the corrosion rate underneath the porous regions
of the DLC film is difficult due to the need of measure the exposed area
of the bulk into the DLC defects.

Galvanic couple formed between DLC films and carbon steel surface
can be influenced by two factors: OCP and conductivity [1,5,27]. H-
DLC film before wear test had an initial OCP of —0.543 mV and after
wear test of —0.496 mV, which was close to the OCP of carbon steel
(—0.477 mV). This behaviour could be a secondary effect related to
nano-defects imposed on H-DLC by the wear test. Plus, galvanic couple
formed is very low due to the slight difference between OCP values.

Si-DLC OCP was more negative than the H-DLC. Thus, galvanic
couple between Si-DLC film and carbon steel is higher. These results are
in agreement with the literature [1,5]. Wang et al. [5] claim that if there
is a failure on the surface of the DLC film exposing the metal surface,
the localised corrosion could be easily inhibited due to DLC film and
carbon steel to have similar OCP. Hadinata et al. [17] reported that the
coated samples with and without defects presented similar OCP to
carbon steel. However, conductivity could decrease corrosion resistance
of the DLC film and affect negatively galvanic couple DLC/Fe. Ac-
cording Miyagawa et al. [27], DLC coatings present high electrical re-
sistivity, around 10% to 10° Q cm. The wide range of values are asso-
ciated with the deposition technique and conditions.

It has been reported [7-10,14-17] that the DLC has a lower anodic
density current than the carbon steel, around nA/cm?, but they do not
correlate this DLC density current with dissolution processes of the DLC
coating or bulk material. In fact, two factors need to analysed in this
context. The first one is that this small current density could be asso-
ciated to pores in the DLC film. Plus, according to Reisel et al. [8] the
DLC is inert, amorphous and does not corrode, so this anodic current is
not associated to the passivation process; and the amorphous structure
of the DLC coating reduces or halts the electron transport over the DLC
surface. Therefore, this low anodic density current is probably asso-
ciated to two facts, being nano-pores on the DLC films and the ion flow.

Films with nano-pore defects can easily be penetrate by the solution.
By this mechanism, the solution could reach the carbon steel surface
(inner layer) and trigger the corrosion process on the bulk material.
However, films free of nano defects effectively protect the carbon steel
inner layer from fluid ingress. The ionic transportation process on the
substrate (under DLC surface) is related to water dissolution as the
following reaction:

2H,0 — O, + 4H" + 4e

The Si-DLC begun with a low anodic current but it increased after
applying some anodic potential (Fig. 7). This is likely to be because
some defects and the anodic polarization on the surface. The process of
film deposition could create some nano scale defects and then, during
the anodic polarization, high imposed anodic potentials could promote
the diffusion of ions inside these defects, commencing the corrosion
process on the metal surface [5]. From the mentioned, it is need to
study if nano defects on the film could resist to ionic diffusion forces
during long periods of exposition to a corrosive environment.
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Fig. 8. H-DLC - SEM secondary image and EDS mapping of the defect caused by wear test
(400 MPa and wet condition).

The lowest anodic current of the H-DLC coating (before wear
testing) suggests that this film has excellent resistivity to be used as a
corrosion barrier in oil and gas equipment made of carbon steel, which
is a good property against corrosion process in saline solution (see
Table 3). In addition, it proves that the film was deposited without a
significant defect on the carbon steel, as indicated in Fig. 2, where it is
clear the excellent adhesion of the coating to the substrate and ex-
hibiting a structure without adhesive failures, i.e. with an interface of
high quality with respect to the carbon steel.

The only wear test that did not show evidence of coating damage
was that of 150 MPa contact pressure and in wet conditions. However,
the anodic current of the H-DLC (post wear test) increased in relation to
the H-DLC (before wear test), indicating that the wear test produced
some nano defects on the H-DLC film surface. Nonetheless, these Nano
defects were not observed by SEM/EDS (Fig. 1). Therefore, this ramp up
on the anodic density current could be associated with the process of
substrate anodic dissolution. It means that 150 MPa was sufficient
contact load to produce nano defects on the H-DLC surface and to ex-
pose the substrate to the corrosive solution.

Fig. 8 shows the H-DLC film surface after the wear test in wet
condition and with contact pressure of 400 MPa. From the SEM sec-
ondary electron image, it was noticed a hole of around 200 um, in the
multi-layered H-DLC film. The hole exposed the carbon metal causing
the corrosion process. It may be inferred that this delamination of the
H-DLC film occurred during the wear test. However, the good in-
formation is that the corrosion process occurred only at the location
where wear test promoted the defects and it did not propagate between
the interface of H-DLC film and substrate. Even with some defects, the
H-DLC is a good option to reduce the corrosion rate of the carbon steel
to prolong the service life of the equipment utilised in oil industry.
According to Sharma, Barhai and Kumari [15], the DLC coatings are
chemically inert, at room temperature, for almost all acid, alkalis and
organic solutions and solvents. Because of its good corrosion resistance
and excellent adherence to the carbon steel substrate, the H-DLC has a
strong potential to be used for important parts and equipment of the oil
and gas industries for instance, the SSCV, pistons and pumps, associated
to pipelines.

In medical applications like ankles, wear-corrosion solicitations
caused failure on the DLC film [3], demonstrating that the DLC film did
not have good results with regard to wear and corrosion processes
acting together for this environment. Conversely, the results in this
work elucidated that the resistance of the H-DLC film, applied over
carbon steel, had better performance than Si-DLC in situations where
the equipment are subject to conditions of wear and corrosion acting
together in saline environments.

DLC films have poor adhesion on carbon steel that contributes to the
spontaneous debonding effects. A variety of metallic and intermetallic
interlayers (Al, Cr, W, Ti, Si) are used to improve the adhesion
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Fig. 9. EIS behaviours for carbon steel, HDLC and Si-DLC films. (a) Nyquist plots, (b)
Bode plots and (c) Phase plots.

properties, corrosion resistance and reduce the number of critical film
defects of DLC on carbon steel. This prevents premature delamination
under both higher loads and contact pressure during tribocorrosion
conditions [28-30]. Reisel et al. [8] showed that the electron transport
through the diamond-like carbon coating is reduced or even stopped by

(b) CPE1
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the amorphous structure of the layer. The fraction of metallic layers
could lead to increase electron conductivity. Multi layers and single
layers coatings presented different behaviour in relation to electro-
chemical behaviour, being better for multi layers coatings than single
layers. In the present work, the interlayer of Cr/W could improve the
electrical conductivity on the defects. However, further investigation is
need, once it was not possible to evaluate the influence of Cr/W in-
terlayer in wear and electrochemical tests for both films had the same
interlayer.

Fig. 9 shows the EIS curves obtained at the open circuit potentials of
the steel, H-DLC and Si-DLC coatings before wear test and H-DLC film
after wear tests with 150 MPa of contact pressure and wet condition.

The Nyquist plot (Fig. 9a) shows different behaviours of carbon
steel, H-DLC and Si-DLC coatings at locations of high frequencies, with
values of imaginary and real components of MQcm? for both DLC
coatings and KQm? for the carbon steel. The same performance is ob-
served in intermediary and small frequencies, where both DLC coatings
presented higher values of Z.., and Ziy.g. These results suggest that
both DLC films have a higher capacitance than carbon steel. It occurred
due to the carbon steel had activated dissolution without presenting
any passivation process, as showed in the polarization curves (Fig. 7).
Therefore, the capacitive arc of both DLC coatings is so much higher
that the carbon steel, showing the good polarization resistance and high
resistivity of the coatings. The Si-DLC presented a capacitive arc smaller
than H-DLC. These results agree with the polarization curves (Fig. 7)
where the Si-DLC had more anodic density current than the H-DLC
coating.

Impedance module Bode plots shows at high frequencies (1 kHz
until 100 kHz) that the Z module is almost constant and phase angle ¢
are near to zero for the carbon steel. This characteristic represents the
resistive behaviour of the solution. However, the phase angle of both
DLC films is higher, where the resistive behaviour of the solution is
associated with the inert conditions of both DLC films.

It should be noted for low frequencies that both DLC films had
higher Z module than the carbon steel (Fig. 9¢), showing the excellent
corrosion resistance of the DLC films. Therefore, the electrochemical
corrosion reactions followed between the interface of DLC films and
metal substrate as it had a very small contact time. Thus, the ions
transport related to the corrosion process at the metal substrate could
hardly be avoid because of the layer of DLC film [5]. The reduction of Z
module of the H-DLC before wearing test to H-DLC after wearing test
and Si-DLC coating can be associated to Nano defects on the films
surfaces.

Bode plots (Fig. 9b) shows that the impedance process moves from
Ohmic to capacitance dominance. The phase shift moves from 0 to
—68° to carbon steel, 0 to — 38° to the H-DLC film before wearing test,
0 to —42° to the H-DLC after wearing test and 0 to —45° to the Si-DLC
coating. Plus, it also shows that there is one constant time or maximum
angle for the carbon steel, while there are two constant times or two
maximum angles for both DLC coatings. This angle at high frequencies
could be associated to the inert property of the DLC films, acting as a
barrier to the process of charge transfers (electrochemical reactions) at
the interface of DLC films and electrolyte. The angle in intermediary

Fig. 10. Equivalent circuit of (a) carbon steel and (b) DLC films
coatings.

CPE2
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frequencies could be associated to the capacitance of the DLC films
(CPE,).

The equivalent circuits (Fig. 10) of the EIS were used to assess the
mechanisms of corrosion process that ensued at the interface of elec-
trolyte/carbon steel and electrolyte/DLC coating systems. The equiva-
lent circuit of both DLC coating has been used [5,7,14] to explain the
AC response of the DLC coating on a metallic bulk material. Thus, the
DLC equivalent circuit is composed by: Tested electrolyte resistance
(Re); capacitance of the DLC coating, being a constant phase element
(CPE,); resistance to charges transference at the interface of DLC film
and electrolyte, external layer of the DLC film associated to some areas
of the surface film that has ionic conduction, named porous resistance
(R;); the elements R, and CPE, represent the polarization resistance of
charge transfer and capacitance of interface of the DLC film and metal
substrate, which means that is the internal layer of the DLC film. The
carbon steel equivalent circuit is composed by: Tested electrolyte re-
sistance (R.); capacitance of the carbon steel, being a constant phase
element (CPE;) and resistance to charges transference between the
carbon steel and solution (R;).

In high frequencies, the impedance of the DLC films has a dom-
inating Ohmic behaviour, being controlled by Ohmic of the electrolyte
resistance (R.). In intermediary frequencies, the system is controlled by
the capacitance of the DLC coatings (CPE;) and the resistance to
charges transference at the interface of DLC films and electrolyte (R;).
Moreover, in low frequencies (1072 to 10~ Hz), the impedance is
managed mainly by the polarization resistance of charges transfer be-
tween the interface of the DLC films and metal substrate (Ry) and by
capacitance of interface of the DLC films and metal substrate (CPE,).
This results are in accordance with Liu and Kwek [14].

4. Conclusion

The purpose of this research was to evaluate tribocorrosion beha-
viour of hydrogenated and silicon DLC coatings on carbon steel. The
approach used to investigate the problem was sliding wear test on pin
on plate machine, plus electrochemical and electrochemical impedance
experiments. As a result of this work, the following main findings
concerning the nature of wear were:

1) Tribology tests showed poor performance of Si-DLC coating, which
presented total delamination in all contact pressure applied. H-DLC
exhibited high incidence of coating damage under the conditions
tested, except when applied a contact pressure of 150 MPA in wet
condition. Although there is an absence of visible defects on H-DLC
coatings under these conditions, electrochemical tests showed an
increase of corrosion. It means that 150 MPa was enough pressure to
produce nano defects on the H-DLC surface, exposing carbon steel
substrate to the corrosive solution.

2) The lowest anodic current of the H-DLC coating suggests that this
film has excellent resistivity to use as a corrosion barrier in oil and
gas equipment made of carbon steel. It was proved to have an ex-
cellent adhesion of the coating to the substrate and to be effective
against the corrosion process in saline solution.
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Tribological evaluation of plasma nitride H13 steel
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Carretera a Lago de Guadalupe km 3.5, Atizapdan Edo. Méx., 52926 Meéxico.
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The influence of nitriding time and applied load in the friction-wear behaviour of an H13 steel has been studied. Weakly
ionised plasma unit and a postdischarge plasma reactor were used for nitriding the H13 die steel with variations of
nitriding time from 5h to 9h (at 500 °C). Optical microscopy and microhardness deep profiles of the nitrided layer were
obtained for each nitriding time. Standard pin-on-disc wear test were conducted at ambient temperature (18-23 °C) and
dry sliding. It was observed that the higher the nitriding time, the lower the friction coefficient variations and wear rate
varied as a function of the applied load. Plastic deformation and abrasion wear resulted to be the main wear mechanism
for short sliding distances, while for long sliding distances plastic deformation dominated the wear mechanism and to
some extent oxidative wear. The compound layer (white layer) was central for wear and load capacity.

Keywords: Plasma nitriding; H13 steel; Wear; Pin-on-disc; Tribology

1. Introduction

The aim of achieving materials with better lifetime has
given impetus to the emergence of new technologies and
consequently to developments in the understanding of,
among others, tribological properties. These challenges
have attracted a considerable number of scientists and
engineers. Plasma nitriding has been a successfully surface
hardening process employed to enhance the fatigue
strength, wear and corrosion resistance of bulk materials
[1]. This thermochemical treatment involves diffusional
addition of nitrogen into the surface of metallic materials.
Two different structures are formed from surface to core,
namely, a compound layer (white layer) and a diffusion
layer. In the former layer generates as epsilon phase (e-
Fe;N, e-Fe;N), gamma phase (y -Fe,N), or mixed phase (e+
y’) whereas in the diffusion zone, N atoms are dissolved
interstitially in excess in the ferrite lattice to give rise to
formation of nitride precipitates (CrN) [2, 3]. These
compound layers are, generally, hard and brittle but the
thin monophase y’ produced by plasma nitriding is
extremely ductile and wear resistant according to the ¢
phase. Thus, wear characteristics of the compound layer
depend on several factors, namely, compound layer
composition (¢/ y’), its thickness, loading type, etc. [4, 5].
From the different nitriding techniques available such as
liquid nitriding, gas nitriding and plasma-assisted nitriding;
nitriding in the post-discharge flow of microwave
generated plasma has proven to reach higher values of
nitrogen potential than those achieved in other plasma
nitriding treatment [6]. Accordingly, the nitrogen surface
concentration can quickly reach the value corresponding to
the equilibrium between the atmosphere and the y’ or &
nitride phases. The process has been successfully applied
on H13 steel to improve surface mechanical properties [3].

*osesolis@infinitum.com.mx
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In particular, although higher hardness levels in shorter
nitriding times were obtained respect to other plasma
methods, tribological properties were not assessed. It
entails the characterisation of tribological properties in
terms of friction and wear behaviour.

Wear of extrusion dies has an important technological
and economic significance due to cost in order to prevent
die failure from thermal cracking, erosive wear, soldering
and corrosion or a combination of these processes. H13 die
steel is characterised by its high hardenability and
toughness, but a relatively low wear resistance. The
savings that result from increasing the lifetime of the dies
by the enhancements of its tribological properties have
motivated researchers to optimise surface treatments
suitable to these materials. Therefore, the purpose of the
present work is to investigate the influence of a plasma
nitriding time on the friction and wear behaviour of H13
steel. To accomplish this undertaken, evaluation of dry
friction and wear mechanism at ambient temperature as a
function of nitriding time and sliding distance during pin-
on-disc wear tests was carried out.

2. Materials and Experimental Methods

Nitriding of an H13 die steel was performed in a dual
plasma reactor which incorporates a weakly ionised plasma
unit that provides continuous cleaning of the sample by
sputtering plus heating by ion bombarding and a post-
discharge plasma reactor that supplies a highly reactive
atmosphere. The apparatus used for the nitriding treatment
is shown in Fig.1.

The substrate of the samples in this study was H13 die
steel with the following nominal chemical composition (wt.
%):0.32-0.45% C, 0.20-0.50% Mn, 0.80-1.20% Si, 4.75-
5.50% Cr, 1.10-1.75% Mo, and 0.8-1.20% V. The samples
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Figure 3. Microhardness profiles as a function of depth for samples
nitrided for 5, 8, 9, and 10 h at 500 °C.
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with size of 3cm long, 2cm wide, and 2.5 cm thick were
first quenched (austenizing at 1020 °C for 2 h, cooling in
forced air to room temperature) and two tempering
treatments (at 540 °C for 2 h each, followed by forced
convection cooling). The hardness of the resulting
microstructure was 560 HV, ;. The decarburized layer that
formed at the surface during heat treatment was removed
by grinding. The surface of the sample exposed to the
nitriding atmosphere was polished with silicon carbide
emery papers and diamond paste to mirror finish (Ra =
0.1£0.02 pm). Nitriding temperature was 500 °C and the
nitriding times were 5 h and 9 h, all selected by virtue of
minimum and maximum hardness response, respectively as
well as the large variation of these as a function of time, as
put forward in previous work [3]. Specimens were obtained
for cross-sectional analysis by optical microscope. The
samples surface was examined by means of X-ray
diffraction (XRD), both with and without the surface
compound layer (white layer). The compound layer was
carefully removed by controlled polishing with 6 um
diamond paste. For microscopic observation, the
microstructures of the case depth and substrates were
revealed on polished and etched cross sections in a 2%
nital solution.

The pin-slid-on-disc (see Fig.2) wear experiments against
AISI 52100 (100Cr6) steel ball with 6mm in diameter,
800440 HV,; hardness and Ra of 0.013 um were
performed in ambient environment with temperature 20-25
°C, humidity 44+5% and no lubricant. Friction force is
determined by direct measurement (with a piezoelectric
element) of the tangential force applied on the flexible arm.
The friction coefficient is given by the ratio between the
friction force and the normal force (applied load). The
vertically applied loads at the top of the specimens were
selected to 2, 5, 7 and 10N; the sliding speed maintained
0.02m s™', and the diameter of the wear track circle slightly
varied from 12 to 14mm. The experimental procedure was
undertaken according to ASTM G99-95a [7]. Wear losses
were determined by wear track measurements and by
weight-loss method. Volume loss from flat disc was
worked out, assuming no significant pin wear, by means of

[7]:
st

where R denotes the wear track radius; » represents pin
sphere radius (3mm); d the track width.

V=2nR[r2 sin’lzi— )

r

Analogously, volume loss from a spherical ended pin was
determined by:
+h J

_mh(3d”
6 4

\ 2
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Figure 4. (a) Cross sectional microstructure without white layer after 9
h nitriding. XRD diffraction pattern of H13 steel nitrided at 500 °C for
9 h: (b) from the original surface and (c) after the compound layer was
removed.

1
where 5, _ r_{rz _d 2}2 , r represents pin end radius (3mm)
4

and d is the wear scar diameter.

Disc wear tracks and pin wear scars were measured by
image analysis with an Olimpus metallographic light
microscope connected to an Image-Pro image analyser.
Track widths are the mean values after 12 measurements
performed along the pin trails. Mass loss was measured
using an electronic balance with precision of 0.1 mg.

For determining the wear rate, typically denoted by K, the
Holm/Archard’s relationship was used [8]:

AV

w-s

K (3)
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where V (mm®) is the worn volume, w (N) is the normal
force applied and s (m) is the total sliding distance. For this
research, however, the wear volume divided with the
sliding distance was defined as the wear rate because the
normal force applied was the variable parameter. To
identify the wear mechanisms, worn surfaces were
observed through the scanning electron microscopy plus
energy dispersive X-ray spectroscopy (SEM + EDS) both
on top surfaces and also on polished and etched cross
sections. The HV s microhardness profiles of the nitrided
layers were obtained in the cross section by means of a
Shimadzu MMV-2 instrument.

3. Results and Discussions
3.1. Surface hardness and microstructure

The hardness evolution for a choice of nitriding times at
500 °C is depicted in Fig.3. There can be seen a significant
increase in both a compound layer and a diffusion zone
over the matrix hardness. Maximum hardness of the
compound layer reached values on the order of 1100 HV, ;.
It is also observed that the maximum hardness of the
nitrided layer (1350 HV,,;) was located near to 20 pum
below the surface. After these subsurface peaks, hardness
exhibited a monotonic decrease in depth, although hardness
for 9 h nitriding showed a flatter profile from which the
hardness values were as high as 1200 HV,; at 180 um
depth. Castro et al. [9] achieved hardness values on the
order of 1100 HV,os for H13 nitrided in a salt bath
activated with sulphur (sursulf nitriding) after 9 h treatment
and with a diffusion layer of 110-140 pm depth. For longer
nitriding times the surface hardness converged into 1100
HVys. There was only a case for the 15 h (190-240 um) in
which a hardness of 1150 HV,, was reached. It is
interesting to note that whereas for the Castro et al.
research no compound layer grew before a nitriding time of
7 h at 580 °C, in this work, such layer growth was
observed from nitriding times of 5 h upwards and at 500°C.
Their previous heat treatment condition to the nitriding
treatment was quite similar to heat treatment condition
carried out in the present study, which demonstrates that
the present method offers some improvement over other
nitriding methods, especially in the attainment of flatter
hardness profiles which do not favour the development of
residual stresses in the hardened layer.

The microstructure for the 9 h nitriding, shown in Fig.4a
consists of an internal nucleus of tempered martensite and a
nitrided layer in the external surface. The nitrided layer
consists of a nitrogen diffusion region with fine elongated
nitride plates precipitated and a shallow compound layer on
the outside part. In the X-Ray diffraction pattern of Fig. 4b
it is indicated that the compound layer consisted mainly of
e-nitride together with rich y’-nitride and a mixed phase
(et+y’) on the diffusion zone of the nitrided surface. Below
the compound layer, the presence of CrN with a small
amount of ferrite appears in the diffractogram of Fig. 4c.
Generally speaking, at short nitriding times (5 h), there is
not enough of the CrN phase to result in a high value of
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Figure 5. Friction coefficient variations of nitrided and non-nitrided
H13 steel as a function of sliding distance/cycle for: (a) 2 N sliding
load and 12 mm diameter of the wear track circle; (b) 5 N sliding load
and 12mm diameter of the wear track circle; (¢) 7 N sliding load and
14 mm diameter of the wear track circle.
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hardness, however, at intermediate times (8-9 h); there is
an optimum amount, size, and distribution of CrN, which
after longer times (> 10 h), it coarsens and as a result, a
drop of hardness occurs (see Fig. 3).

3.2. Tribological properties

The measurements of the coefficient of friction for
plasma nitrided and non-nitrided H13 steel samples as a
function of sliding distance/cycles at 2N and 5N sliding
loads and 12 mm diameter of the wear track circle are
shown in Fig. Sa-b. The friction coefficient variations for a
load of 7N and 14 mm diameter of the wear track circle are
given in Fig. 5c. The coefficient of friction for the non-
nitrided H13 steel for all different loads changed as a
function of the distance slid, particularly in the early stages
of sliding. It usually exhibited a low initial value (in the
range of 0.1-0.2) but rapidly increases until reaching a
steady state value. The substantial augment of the frictional
force is in turn, a result of the rapid increase in the number
of wear fragments entrapped between the sliding surfaces,
where some of them, mainly from the disc material, plough
such surfaces as can be seen in Fig. 6a. Worn surface
consist of ploughed grooves and plastically deformed
regions in the sliding direction. These fragments are
generated by subsurface deformation, crack nucleation and
crack propagation [10]. This can be confirmed by taking a
closer look as shown in Fig. 6b. The frictional force is also
affected by the escalation in adhesion due to the increase in
clean interfacial area as observed by the large variations in
the friction coefficient from 0.2 to 0.8 all along the steady
state. After a maximum value was reached, the friction
coefficient slightly drops to an average value of 0.6 (see
Fig. 5). The drop in the friction coefficient is associated
with mutual polishing of the mating surfaces and such
behaviour results principally when the hardness of the pin
is greater than that of the moving disc [10]. Comparable
friction coefficient values, and in general, analogous
tribological behaviour from pin-on-disc tests with a steel
ball dry sliding on a steel disc has been previously reported
by H. Czichos et al.[11].

In the case of longer sliding distance, the friction
coefficient does not exhibit any substantial change, i.e. an
average value of 0.6 is sustained as well as high friction
coefficient variations. Nevertheless, while part of the
removed material remains in the contact between pin and
disc generating the thin abrasion grooves as observed in
Fig. 6, some transfer of material from steel counterbody to
H13 steel non-nitrided was exhibited in the form of located
heaps on the wear track of the H13 steel. Wear rate of steel
counterbody for sliding distance of 30 m was 3.69 (mm® N°
"m™! x 107), whereas for sliding distance of 100 m was
826 (mm’ N' m" x 107). This substantial ball wear
increase suggest that large debris particles might have
formed causing thick wear tracks with the evident surface
penetration. Majority of the removed particles accumulated
were pushed through the worn surface of the wear track
and during testing deposited on the side of the wear track in
the sliding direction. Therefore, large friction coefficient
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variations are attributed to hard particles ploughing the
sliding pair and to some extent the adhesion between
smashed substances coming from the pin.

The nitrided steel, in turn, exhibited a similar friction
coefficient pattern for all loads and nitriding times,
characterised by the initial running-in period followed by a
gradual increase until reaching a gradual steady state. A
low initial value of 0.1 was recorded but in this case, there
was a gradual ramp up until reaching a steady state value
whose range oscillated from 0.4 - 0.5. The initial running-
in corresponds to the contact of the disc highest asperities
and the ball surface. The gradual increase of the friction
coefficient shown in Fig. 5(a-c) can be associated to the
real contact between the thin compound layer and the steel
ball surface as this leads to an increase of the applied stress
on the wear surface and, thus, to the plastic deformation of
material. This friction coefficient behaviour also suggests
some similitude in hardness both the pin and the disc. On
the other hand, for 30 m sliding distances, the compound
layer begins to wear out, as seen in Fig. 7. From this figure,
the compound layer is being both plastically deformed and
partly removed from the wear track. Furthermore, it is
observed some degree of compound layer detachment,
which can be attributed either the higher contact pressure
than the pressure capacity of such layer or the inherent
brittleness of such compound layer. In this respect, it is
well known the fact that a mixed phase (y’ + ¢€), typically
observed in gas nitriding, can be prone to spalling since it
is brittle and breaks down during the early stage of wear
tests [12-13]. In addition, the brittleness of the compound
layer is influenced by the &/ y* phase ratio [5].

A detailed examination of the mildly worn surface of
H13 steel nitrided for 9 h is shown in Fig. 8. The higher
magnification in Fig. 8 depicts the plastically deformed
layer and also it can be seen part of the compound layer
underneath this smashed layer. This degraded surface
consists of shallow ploughed formations, where a new
compacted surface in the valleys can be distinguished as a
result of the plastically deformed material and the
agglomerated wear debris. The wear rate of steel
counterbody at this stage was 1.223 (mm’ N"' m™ x 107). It
thus appears that small debris particles were formed with
faint surface penetration. These observations are consistent
with friction coefficient variations of H13 steel nitrided,
and in particular for 9 h nitriding and sliding distance of 30
m, since it exhibited the smallest variations as seen in Fig.
5 (a-c). In general, it is observed that plasma nitriding and
specifically the compound layer has effect on the friction
coefficient variations: the higher the nitriding time, the
lower the friction coefficient variations. As expected, dry
sliding resulted in larger friction coefficient variations for
the non-nitrided H13 steels.

The aforementioned observations are also consistent with
the wear behaviour of tested steels, as graphi.ally
presented in Fig. 9. From this figure, independently of the
non-nitrided alloy results, two major observations are
underlined and hence, to be analysed. The first one is
associated with the applied load, i.e., it is observed that for
a given nitrided time, the wear rate increases as a function
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Figure 6. Non-nitrided H13 steel tested during a sliding distance of 100
m and 2 N normal load. (a) Worn surface showing the abrasion grooves.
(b) A detailed examination of worn surface showing surface fatigue
wear and plastic deformation.
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Figure 8. The mildly degraded surface of the H13 nitrided steel for 9
h. In the picture of the right up corner, an amplification of a ploughed
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Figure 10. Friction coefficient variations versus the sliding distance
of: (a) H13 steel nitrided during 9 h and 2 N applied load and (b) H13
steel non-nitrided with the same applied load. The arrow indicates the
beginning of large frictions coefficient variations for the nitrided and
non-nitrided steel.
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distance of 95 m and 7N applied load.
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Figure 12. A comparison of the friction coefficient behaviour of: (a)
H13 steel nitrided during 9 h and 2 N applied load; (b) H13 steel
nitrided during 9 h and 7 N applied load. For this latter load, seizure
was observed at 95 m.

of the applied load. This can be ascribed to the mildly
removal of the compound layer with the progression of the
test. The increment of the normal applied load leads to a
rise of the applied shear stress on the wear compound layer
resulting in the eventual removal of metal slivers. The
second one is related to the nitriding time, i.e., a correlation
between surface hardness-appearance-thickness and wear
resistance of the compound layer. The H13 steel nitrided
during 9 h exhibited the lowest wear rate values clearly
manifested at all tested loads, whereas for the H13 steel
nitrided during 5 h, higher worn volumes were observed.
The local pressures at the points of asperity contacts forge
metallic junctions between surfaces. At a given load,
friction coefficient (i) strongly depends on the real contact
area which it can be associated with its appearance and
surface hardness corresponding to the deformation
resistance of the contact area, according to the well known
relationship __Fu _ ,_ F, where 4 would be the real contact
A A

area, v the shear strength of the junction, F' the applied
normal load and H the mean pressure on an asperity or
simply the local hardness of the material. The hardness of
the compound layer for 9h and 5 h nitrided steels was
recorded to be 1100 £100 HV,; and 850 £100 HV,;
respectively. Shallow wear tracks as well as relatively large
wear scars on the steel counterbody (800440 HV, ;) were
also observed. Therefore, it is clear that the harder surface
often corresponds to the higher deformation resistance to
prevent the particles, adhered to the softer surface, from
pressing into it and protect it from being worn out.
Thickness of the compound layer, in turn, influences the
wear rate behaviour, i.e. thicker compound layer and
nitride layer may provide higher load capacity and
deformation resistance, which again, prevents the
compound layer from being worn out. Wear rate
discrepancies in Fig. 9 may also be attributed to shuffling
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off the compound layer by the trackside. As the test
progresses the ball scar grows up due to the large-scale
wear and consequently it cuts off the trackside, widening
the disc wear track.

In order to reach a clearer insight into the behaviour of
friction coefficient for nitrided H13 steel alloys sliding
against steel, friction variations of H13 nitrided during 9 h
and H13 non-nitrided, tested at 2 N applied load for longer
sliding distances were attained as shown in Fig. 10. It was
observed that in HI13 steel nitrided, large friction
coefficient variations took place up to sliding distances
above 700 m whereas for the non-nitrided steel,
comparable variations were observed at sliding distances of
25 m onwards. These findings reveal that the growth of a
compound layer (white layer) on top of nitrided layer
(nitrogen diffusion zone), for the actual nitriding process,
hinders the generation of hard particles or fragments due to
the sliding and therefore, slows down ploughing on the
sliding disc. This particular behaviour may be interpreted
in terms of the & 7y’ phase ratio, i.e. the presence of
copiously vy’-nitride (Fig. 3b) in the compound layer
increases ductility and wear resistant according to € phase
[14].

For longer sliding distance and larger applied load, the
friction behaviour exhibited the expected features of large
plastic deformation followed by a substantial material
transfer. Material transfer was mainly observed from the
counter-body deposited in the form of patches and to some
extent of heaps on the compound layer surface. Those
patches and heaps appear as add-on substances both for 2
N and 7 N applied load as shown in Fig. 11. Energy
dispersive X-ray analysis (EDS) of the adds-on substances
obtained in the worn surface of H13 nitrided for Sh and at
2N described a low percentage of chromium and high
percentage of carbon and iron, in addition to silicon and
oxygen but no nitrogen. It indicated that the transferred
material corresponded to the pin.

On the other hand, the friction behaviour for such longer
distances can be appreciated in Fig. 12. A comparison
between 2N load and 7N clearly shows the shear and
transfer effects. Accordingly, highest friction variations are
observed above 700m for 9h steel nitrided subjected to 2N
applied load. In the case of the 9h steel nitrided with a 7N
applied load, massive friction variations come out early
around 70m, however, interestingly in this later case, the
tribometer suddenly stopped itself by 95 m sliding distance.
Evidently, the machine did not manage to carry on due to
the frictional forces arisen as a consequence of the larger
load. In this respect, under large enough loads the local
pressures at the asperity contacts junctions are sheared and
therefore, both the real contact area and the nominal area
grow because of plastic indentation, mass flow and metallic
transfer. These latter effects have been identified as the
basis of catastrophic junction growth mainly caused by
shear. Following that large-scale mass flow and metallic
transfer, the real contact area is.

This condition was identified and modelled as the wear
mechanism of seizure [15]. Thus, the 9h steel nitrided
seized at about 95 m under 7N applied load.

@Sociedad Mexicana de Ciencia y Tecnologia de Superficies y Materiales
4. Conclusions

In the present work, the AISI H13 hot work steel was ion
nitrided with a dual plasma reactor and surface analysed to
measure the frictional and wear characteristics. Pin-on-disc
wear tests have been conducted at ambient temperature and
dry sliding in both short and long sliding distances. The
following conclusions can be derived from the results.
Nitriding of H13 die steel by using a dual plasma reactor
offers a substantial advantage over conventional gas
nitriding as it provides higher hardness levels in shorter
nitriding times.

At short nitriding times (5 h), there is not enough of the
CrN phase to result in a high value of hardness. At
intermediate times (8-9 h) there is an optimum amount,
size, and distribution of CrN which provides the highest
hardness values as well as the best hardness profiles. For
longer times (> 10 h), CrN coarsens and a reduction of
hardness occurs.

The friction coefficient of the nitrided steel under this
plasma method increase in the early stage of the wear tests
up to a steady state value of 0.4-0.5, regardless the applied
load. A steady state friction coefficient of 0.6 for the non-
nitrided steel was obtained, also regardless the applied
load. At early stages, asperity deformation was identified
as the friction-generating mechanism for nitrided steel. For
the subsequent stages ploughing showed to be the friction
mechanism. Adhesion was significantly increased for long
distances, particularly due to the material transfer.

The compound layer has effect on the friction coefficient
variations: the higher the nitriding time, the lower the
friction coefficient variations.

Wear behaviour on the short sliding distance test was
characterised by the influence of two wear mechanisms:
plastic deformation and abrasive wear. For long sliding
distances the wear mechanism controlling the wear rate
was the plastic deformation and to some extent, the
oxidative wear. Wear rates of 9h nitrided steel were lowest
for all applied loads.

For long sliding distances and large applied loads, the
contact area of the counter-body eventually equals the
worn surface area and, as a result, the condition of seizure
ensues. Due to the latter, the frictional force becomes so
high that the test is stopped since the device has not got the
power to keep the specimen in rotation.The compound
layer enriched with gamma nitride and epsilon nitride
generated by the nitriding of H13 die steel in a dual plasma
reactor hinders the generation of hard particles or
fragments due to the sliding and therefore, slows down
ploughing on the sliding disc. Therefore, this layer resulted
to be beneficial in terms of wear and load capacity.
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