The Open Access
Publisher

@ HSPI

(A [B][s | E ] ANNALS OF BIOMEDICAL SCIENCE

AND ENGINEERING

Research Article

Pin-on-Plate Tribological

Evaluation of Offshore Alloys Using

InterMet-Profilometer

Paul-Cristian Olaru*

Agir-Univ. Politehnica, Bucuresti, Romania

Abstract

The pin-on-plate tribological (wear) testing at AGIR-UPB to determine the optimum
material couple for VNT step lll vane/insert contact. Test results in terms of wear volume
loss and roughness evaluation were reported in ER 06-0415, in collaboration with PV
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Product Engineering. Previous examination of the worn samples was undertaken at

AGIR-Materials Laboratory, consisting of complementary metallurgical analysis,

1} Gheck for updates

using micrography and scanning electron microscopy (SEM/EDS). The objective of

this work/study wasis to further understand the nitriding treatment parameters and
substrate behavior and/or degradation mode created, utilizing the tribological wear

@ OPEN ACCESS

technologically / method INTERFEROMETALOGRAPHY (InterMeT) / profilometer.

Introduction
Nitriding steels

The quenching action and martensitic transformations
always create the risk of distortion, warping, and cracking.
Case hardening can also be done via the formation of
numerous precipitates of nitrides near the surface of the steel.
This new technology, InterMet, is called nitriding and, in
contrast to carburizing, is performed while the steel is largely
ferritic, not austenitic. Thus, the InterMet does not involve
rapid temperature changes and allows excellent dimensional
control parameters. Typically, the steel to be nitrided is a
medium carbon steel that is initially quenched and tempered at
temperatures from 550°C to 690°C-700°C. The high tempering
temperature is intended to minimize microstructural changes
that might occur during the subsequent nitriding processes
thatare carried outatlower temperatures. These temperatures
are typically 510°C to 530°C. Nitriding is conducted in
controlled atmospheres that use the decomposition of
ammonia to generate nascent nitrogen on the surface of the
steel. This nitrogen diffuses into the steel and also combines
with the iron at the surface to form iron nitride. The reaction is
NH 3 = N + 3H. Nitriding steels contain alloying elements
that form nitrides so that the nitrogen that diffuses in forms
numerous (very) fine phases-precipitates. The case depth, in
this case the depth of the precipitate band, is shallow, usually
less than half a millimeter, even though nitriding times can
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exceed 100 hours. During single-stage nitriding treatments
in which a single nitriding atmospheric composition is used,
a “white layer” is formed. (So-called because in standard
etchants for steels it is unattacked.) This layer is iron nitride
andishard, butitcan crackand spall. When thisisunacceptable,
the layer is removed by surface grinding. Alternatively, a
two-stage nitriding process is used in which, after the first
stage, the atmospheric conditions are changed so that iron
nitride no longer forms at the surface and the existing layer is
removed because its nitrogen content dissolves into the steel.
Because the two processes described are successful, combined
processes have been developed in which both carbon and
nitrogen are simultaneously diffused into the surface. These
are carbonitriding and nitrocarburizing, and are done to both
austenite and ferrite.

Materials and methods

The tribological evaluation was conducted to investigate
the wear behavior of a nitrided GX40 ferritic heat-resistant
steel plate in contact with an uncoated HK30 austenitic
stainless-steel pin under elevated-temperature operating
conditions. The selected material combination represents the
vane/insert assembly used in turbocharger applications and
was chosen to evaluate the influence of nitriding treatment on
surface integrity, oxidation behavior, and wear performance,
as reported in previous metallurgical and tribological
investigations [1,2].
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The GX40 plate specimens were subjected to a gas
nitriding treatment in accordance with the Nitrex process
(IFP40-A), while the HK30 pin specimens remained uncoated.
Prior to tribological testing, all specimens were prepared
using conventional metallographic procedures to obtain
clean and uniform contact surfaces. The nitrided plates and
untreated pins were then assembled as pin-on-plate couples
for wear evaluation. The nitriding treatment was intended to
develop a hardened diffusion layer capable of improving wear
resistance while preserving the dimensional stability of the
substrate, consistent with previous investigations on nitrided
engineering components [1,3].

Tribological testing was performed using a pin-on-plate
configuration at a test temperature of 800 °C (1073.15 K) to
simulate the service conditions experienced by vane and insert
materials operating under high-temperature environments.
After completion of the wear tests, both plate and pin
specimens were examined to evaluate surface degradation,
oxidation, material transfer, and wear characteristics
generated during sliding contact [1,2].

Surface characterization was carried out using the
InterMet/Wyko NT1100 Vertical Scanning Interferometry
(VSI) Profilometer, which provides three-dimensional surface
topography with a profile height resolution of approximately
0.1 nm. Surface roughness parameters, including Ra, Rt, Rq,
Rv, and Rsk, were measured in both the X and Y directions.
Ten roughness measurements were obtained from each
specimen using a cut-off length of 1 mm, and the average
values were calculated to provide a representative assessment
of the surface condition. Wear volume loss for both plate
and pin specimens was subsequently determined from the
interferometric surface profiles generated after testing. The
use of interferometric profilometry for quantitative wear
assessment has been demonstrated to provide accurate
characterization of surface morphology and wear-induced
topographical changes [4,5].

To further evaluate the influence of nitriding on
tribological performance, complementary metallurgical
analyses were performed using optical microscopy and
scanning electron microscopy coupled with energy-dispersive
spectroscopy (SEM/EDS). These analyses were used to
characterize the morphology of the nitrided layer, diffusion
zone, oxide formation, transferred debris, and dominant
wear mechanisms observed on the interacting surfaces.
Surface hardness measurements obtained before and after
tribological testing were also used to assess the effect of
wear on the mechanical properties of the treated material.
Similar analytical approaches have been widely employed in
tribological investigations to correlate surface microstructure
with wear performance and frictional behavior [6-10].

The experimental results were interpreted by
correlating the measured surface roughness, wear volume
loss, hardness values, and metallographic observations
for both plate and pin specimens. Mean values obtained
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from repeated roughness measurements were used to
represent the surface characteristics of each specimen, while
interferometric profiles and microscopy observations were
integrated to provide a comprehensive understanding of
the wear mechanisms and the effectiveness of the nitriding
treatment under the investigated operating conditions. The
interpretation of the experimental observations was further
supported by established tribological principles and previous
studies describing surface interactions, friction mechanisms,
and wear evolution under sliding contact conditions [11-17].

Results and discussion

Analytical techniques were used to characterize the wear,
oxidation, morphology, and topography of the surfaces, plate
and pin, to include: (1) VSI (vertical scanning interferometry)
with a profile height resolution of 0.1 nm to determine the
wear volume loss of pin-on-plate and the surface roughness.
Ten surface roughness measurements (10 determinations per
sample, using a cut-off of 1/mm) were conducted with each
pin and plate specimen, before final analysis. Accordingly,
data were averaged to obtain the surface roughness of each
specimen. Material couples and the related pin/plate samples
were based upon the actual cast materials used for vane and
insert, respectively, HK30 austenitic stainless steel (IDM
8365) and GX40 ferritic heat-resistant steel (IDM 5419).

Nitriding plate

- Ra general information regarding the level of oxidation
of coated layers

- Rt- specific information: non-uniformity of coated
layers-max. height on the surface;

- Rqg- (RMS)- statistical information on the standard
deviation of highs on the surface;

- Rsk- skewness shown by asymmetrical deviation of
surface highs on the main field in the plan;

Pin uncoated:

- Ra- general information regarding the level of oxidation
one surface scratch

- Rt & Rv- general information regarding the deepest
valley -the profile of scratches;

- Rg- (RMS)-statistical information on the deviation of
the highs on the surface;

- Rsk- skewness shown by asymmetry deviation of
deepest values along scratches;

Table 1 shows the quantitative results of the plate and
pin, and Table 2 shows the qualitative analysis regarding
macrography and micrography of each, for correlation
purposes.
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Table 1: PV Test sample including test priority number, temperature, plate and pin materials, surface treatment and coating.
L Plate Pin
Test priority Test Temp. Plate (i . cerial pi rerial &
number K(°C) ate (m;e[rni/lma erta Plate (insert) P/N Treatment/Coating n [vamz)rnr/rla erta Pin (vane) P/N Treatment/Coating
1073 K GX40 Nitriding -(treatment) HK30
#2 (800°C) IDM 5419 766882-9 per IFP40-A by Nitrex IDM 8365 766881-1 None
Table 2: Summary of analyses performed on treated samples (one specimen of each type selected).
Ref Material Macrograph Micrography Surface
couple & coating (on treated component) hardness
analyzed | (Designation
2-4 HK30 GX40 Oxides HK30 only Oxides on plate GX40 Oxidation Sum to 30 pm, (Before
+GN2 - transferred debris - Nitriding layer ~80 pm test:
Tt ——y .
f 1332 HV
measured)
After test:
500-525
\ HV
oxides ’ e+y l | carbonitrides island

The results for the couple: micrography of plate and
hardness values, phases:

1-6- layer is large and responsible for hardness due to the
precipitation of dispersed nitrides. y’-layer was not observed,
but was present as € +y’+ ferrite allied with N-(aN).

2-GX 40 is a ferritic heat-resistant steel. As can be observed
from Table 2 and Figure 1a, the compound zone (¢ +y’) is very
thin and brittle, and the diffusion zone [&N+ carbonitrides
(Fe3 (C, N); Fe3(N, C)] acts like “islands” in the core of the
material.

3-In this situation, the interpretation of Rq and Rsk for the
plate specimen in the X and Y Profile (Figure 1a) is a mirror
image of the actual specimen, so that the highest (Rt) and the
lowest (Rv) values are, in fact, worn ridges and oxide peaks,
respectively. For the pin specimen, only oxide scratches may
be observed as depicted in Figure 1b.

4-Summary of all determinations is shown in Table 3 and
Table 4; wear volume loss is depicted in Table 5 and Figure 2.

It may be observed in Table 3 that the wear of the plate
specimen was of an acceptable level, being in the region of
and greater than 0.100 um. Likewise, the pin specimen was
found to exhibit only trace scratches that measured greater
than 0.100 um. In terms of the wear volume loss experienced
by the plate and the pin, it was found that the pin had worn
more than the plate and that the total configuration loss was
greater than that observed during the ESA study (Engineering
Report 06-0415). Figure 2 shows the combination of the
values of the pin and plate X and Y Profiles from the reference
Z axis and provides a summation of the wear volume loss for
this configuration. The positive and negative values of X (blue)
and Y (magenta) reveal the evolution of the asperities in both
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directions, where the positive is the transfer of material or
galling of the two materials, and the negative is the wear of the
interacting surfaces. It was therefore concluded that nitriding
surface quality could be improved by optimizing treatment
parameters in InterMet. It is recommended to further review
all of the available technology for nitriding. In summary,
nitriding treatment on the GX40 plate produced an important
layer of oxidation, and the initiation of adhesive wear was
noticed. The diffusion layer and some hardening effect were
still present and may be efficient. This “prime-path” for
T°C=800°C (1073.15K), in terms of wear, should be considered
carefully regarding the required oxidation resistance in
service. Nitriding surface quality for plate specimens in the
study was found to be non-uniform with non-adherent ultra-
thin layers, which allow oxide formation on wear scratches.

Interferometrology analyses

Figures 1a-1b & 2
a- PLATE (Table 3)

b- PIN (Tables 4,5)

Table 3: Roughness average- Ra, (um), measured using a cutoff of 1/mm of PLATE

Test | Material & coating Ra, pm
Priority (Designation)
No.
Dev X Average Sdt. Dev Y Average Sdt.
2 GX40+GN2 0.097 0.036 0.206 0.038
Table 4: Roughness average-Ra, (Lm), measured using a cutoff of 1/mm of PIN.
Test | Material & coating Ra, pm
Priority (Designation)
No.
Dev X Average Sdt. Dev Y Average Sdt.
2.0.016 HK 30 0.126 0.016 0.206 0.102
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Ref. Material Tribological Analysis

Couple | & Coating Wyko NT 1100 )

Analyz | ID: Oxide- trace scratches
ed ’ | Carbonitride islands

2 | Plate 2-4; / \

GX40+ . : o s Tl Tanr Date: 03109/2007
GN2 -Dimensional Interactive Display

Time: 12:53:21

Surface Stats:
Ra: 66830 mm
Rq: 860.81 nm

Et: 653 um

Nleasurement Tnfo:
Magnification: 20,61
Meamrement Made: VBT
Sarmpling 407 61 nm

Array Size: 690 X 449

Title: PL2-4-#2-766882-9
Note: X offset:31 Y offset:22

TOROGRARHY

2 Plate 2-4; V Date: 030972007 Fiter Type: Gaussian
GX40+ CCCO Time: 12:52:21 Long O 00 um
- Short A 2500 um
Title: PL2-4-#2-T66882-9 P,
GN2 Mote: X offsel:31 ¥ offset:22 .

Samgle Lengths: 3

Profile Stats: - X Asen 74592 um
M Wzaiom - ¥ Lings Uged 49
Ra -
R ¥ Average Stats:
Rp Mean: Std Dev:
Rv 11332 0em 42685 nm
Bk o 247 nm 073 m
SEI XN 169 224 ren
Ry
i 290376 rm 100.002 ren
Bz 326,56 nm <290 B e 07 303 e
Rig 12007 nm o 0488
Rmax 402 65 nm 2087 07
Rpm 16158 nm 456 438 ren 150427 ren
R 184,97 nim 58 578 e 1E3411 e
Detaa 5215 mrad 2268920 rem 75283 nm
T — 207 S e ETRCTER
101.26
Lm'.a il ?‘ 2 n'r!. . MUEmed 27187 mrad
Debag T1.70 mrad 7.E52 um 1064 um
Lang SME.04 nm 100888 mead 31788 mrad
Hip 107.35 nim - un 61 1006 e
Rk 46837 nm 5 nm 023 nm
Rpk 57 &7 nm 27 514 rem 1200854 nem
Rk 14951 nm | 121050 rem 7T nm
o o - : NBEET 50,963 nm
T E— | r-g e
o z 1 5% FESTY
5 £.23 um ] | V5100 e
Sm 10031 um TER um 1615 um
. 22 firen T T T T 1 i TEE
Pe 40.22 feren ) Y FA = "o Pe 56521 fmm 14.783 fmm

2 Plate 2-4; V Date: 03/09/2007 Fiter Type: Gaussian

GX40+ CCCO Time: 12:52:21 L o
Titla: PL2-4-#2-T66882-9 -

GNZ Mote: X offsel:31 Y offset:22

Profile Stats:

Ra

Ra 18]
[} S06.56 nm ¥ Average Stats:
Rp 43583 nim Mean: Std Dev:
452 75 nm Ra: = 46,336 nm
004 - Ra: L H0ET nm
3 017 L 1178 wm X629 ren
202
SB2971 rem 181 088 nen
748.28 nm "

£15.033 nm 145,867 nm

Rk c nss
2550 0505
IS 1S
1128 um 27 244 e
T 5% o 3% nm
A1 53 v TIEE am
) Dl az MEmad 137 mad
- Lam a: 1501 um
Lemg 11860.57 mn e Del @ Tmead B85S mrad
Hip 261.01 nm - Lam q: 1630 um
Fik 657 67 nm Hip: 52050 nm
Rpk 14171 nm =3 i 130 227 e
[ 9145 nm 3 Fpk: 131224 e
P e Pk 1 549 nem
Mrli?% o Mt 1B 5270%
jr 3% Mit: Y 552%
o £.50 um - s 672 um 1250 um
Sim 1368 um - sm:
Pe 53.92 fimen R e R R TR e e & P 02 fmm 11268 fam

Figure 1a: Plate summary of tribological test-analysis, by Wyko NT 1100: 3 D Topography; X Profile and Y Profile roughness values;
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Date: 03192007

2 | PIN 2-4;

-Dimensional Interactive Display

HK 30 Oxide-trace Time: 17:56:11
Un cratches
coating

Surface Slats:
Ra 363.55 nm
Rq 44850 nm

Rb 282 um

Measurement Info:
Magnification: 20.61
Messurernent Mode: VEL
Sarpling. 407 61 o

Array Size: 595X 377

Title: PIN2-4-#2-766881-1

TOPOGRAPHY
Note: X offset:72 Y offset:29
2 PIN 2-4; v,\ Drate: 03/19/2007 Fiiter Type: Gaussian
HK 30 (.,CCO Time: 17:56:11 Long CAC1 25,000 um
Shart CAO° 2 500 um
Un- Title: PIN2-4-#2-T66221-1 . P Heant R
t, Mote: X offset:72 ¥ offsel:29 ) Sample Lengths: 3
coating Profile Stats: KASTOE 74,592 um
e &7a3rm ': X Lines Used 377
Ra 130,74 nm
Rt 86002 nm = X Average Stats:
Rp 32848 rm - Mean: Std Dev:
. &1 rm - R 167 618 nen 21845 ren
Fesk 048 . [ 126 57 nen 16:961 ren
e e FETEXne 138244 m
Ra 346 » Ry E3665 nen 73451 nen
Rz 62742 nm B [ 403658 nen QA2 nen
Riz 18298 nm Rk 019 047
Rrmeax 14 LT 2549 0mna
Rpm i} Rz 577589 nm 76.060
Rem  -348.75 nm Rman:  7H82E0m 144550 m
Dettaa  57.97 mrad m" g ;";: o 1‘;5; o
- o — v 2% 31 n ren
m Dola:  S2iBAmesd 13021 mesd
weitsg 171.0; mred 3 Lama: 86D um 0538 nm
Lamg 947465 nm P Dolq:  V4EET mad 15061 mead
Hip 151.70_nm - Lamyq:  SEum B1B.544 nm
Rk Wp: 150581 o 20270 nen
Rpk 10 nm 3 ks 6478 nm T0ETS nen
e ra— - Rpki 1320w 4865 nen
e ] Rvk: 173500 om 700566 ren
— i W 1051a 36055
[‘_1" Wi 6% 4501%
P a—1 N - s: 5,455 um 790,865 nm
Sm 10.60 um 5 S 8621 um 1633 um
Fo 4022 fmi g Po 55,474 fmen 12367 fnm
2 PIN 2-4; \/(:: Date: 03/13/2007 Filter Type: Gaussian
HK 30 CCO Time: 17:56:11 Long /0T 25,000 um
Short it 2 500 um
Un_ Title: PIN2-4-#2-T66881-1 P Helgne. Ra

Mote: X offset:72 ¥ offset:29

coatin Sample Lengths: 3
g Profile Stats: HASMAL 74,185 um
Re 13242 nm ¥Unes Used 585
Ra 10425 nm
Bt GOG.B4 nm ¥ Average Stats:
Rp 29569 nim Mean: Std Dev:
Ry 31126 nm Ry 128104 nen 109 ren
Rk 01 Ra: 102 456 e 16,310 nen
T [ 608 4260 e 116 418 nm
Ry 278 Rp: 20734 o 72929 nen
Bz 49602 0m R 310893 0 78,997 e
Rz 3938 nm sk o0 0,448
Rmex 60694 nm Rk 2929 0604
Rpm 243 30 nm Rz 4ED.251 nm TI016 nm
Rvm 25472 nm Rman: 578 292 nen 121 588 nm
Detaa 6143 mrad xl'" x ::: ren : g ren
_— e i : e e
% Dola:  TOESE rrsd 10,259 mead
Cetta '19 41 mrad Lama: 3114 um 366 483 nm
Lam g _10477.71 nm Dolq:  BOSEmsd 12990 miad
Hip 118.21 nm Lamg: 9020 um 951342 nm
Rk 295 52 nm Hip: 119.847 nen 73992 pen
Rpk 156 65 nm Rk 290 BET nen £9.981 nm
Rk 13312 nm Rpk: 122162 nen 51432 nen
Ml 1% ke 1261 448 e 5330 nen
— Mit: 1721% 4474%
= W 53N 4319%
= 5 5.292 um 756,075 nm
Sm Sm: 9433 um 1,623 um
Pe [ AT 576 fmen 12748 fenm
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Wear volume loss, umA3

600
400
200

-200
-400
-600
-800

X, nm

0,00E+00
1,00E+06
2,00E+06
3,00E+06
4,00E+06
5,00E+06
6,00E+06

0,00E+00|1,00E+06 [2,00E+06 (3,00E +06 [4,00E+06 |5,00E +06 |6,00E+06

121,3 97,2 583,2
257,7 206 1.1

oX nm @Y, nm

293,3 | -289,8 0,009
562,9 -615 -383

IEIX. nm
[IY, nm

Figure 2: Wear volume loss, (um?), for the plate and pin, by VSI-PSD analysis. X Profile

(nm); Y Profile (nm).

Table 5: Wear volume loss (um?®) measured using Vertical Scanning Interferometry for
plate and pin specimens.

Material & coatin
Test (Designation) g Wear volume loss (pm?)
priority .
Plate Pin *
number |  Plate Pin ) Total_
Average = SdtDev | Average = SdtDev | (informative)
2 GX40 HK30 6,12E+06|1,72E+06  8,07E+06 | 6,16E+06 14,19E+06
Conclusion

1. Nitriding treatment on the GX40 plate produced an
important layer of oxidation, and the initiation of adhesive
wear was noticed.

2. The diffusion layer and some InterMet technology-
hardening effects were still present and may be efficient.
This “prime-path” for T=800°C (1073.15 K), in terms of
wear, should be considered carefully regarding the required
oxidation resistance in service.

3. Nitriding surface quality for plate specimens in the study
was found to be non-uniform, with non-adherent ultra-thin
layers, which allow oxide formation on wear scratches.
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