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Abstract

A serious concern in the practice of heat treatment is the effect of surface comiion and the

effectiveness of subsequent cleaning on the performance and appearance of the finished products. This
studyexaminal the effects of contamination on the appearance, hardness, carbon concentration, and
retained austenite percentages in vacuwcarburized AISI 9310 steel. The effectiveness of commonly
used cleaning methodsasalso determined. Seven categories of typical contamination were selected

for testing: rust preventative oil, hot and cold cutting fluid, and four levels of oxidat&@mples of AlSI

9310 steel were contaminated and then half from each category were cleaned and the other half
remained contaminated. All samples were vacuum carburized to a case depth of 0.35wt% carbon at
0.9mm. The properties were experimentally detened postheat treatment

It was determined that there was no significant difference in the contaminated, cleaned, ard non
contaminatedsampledor any of the hardness, carbon concentrati@md percentageof retained

austenite measurements. However, masintaminated samples had undesirable appeararafeer

heat treatment Therefore, when a high quality surface appearance is not necessary or if further surface
processing is done on these parts, this study determined that cleaning of AISI 9310 st¢akisassary
before vacuum carburization. This implies a potential cost and time savings for heat treatment
companies. However, when the customer specifies a clean, lustrous surface, effective cleaning is
required before vacuum carburizing.

Keywords Contamination, cleaning, vacuum carburization, oxidation, cutting fluids, rust
preventative oil, AISI 9310
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1 Introduction

Vacuum carburizing is a useful methiod surface hardening of steel. In the practice of this process,
however, heatreaters have found that the finished, peptocessing products do not always meet the
desired mechanical properties and appearance. It was speculated that this could be a result of
contamination on the parts prprocessing. Therefer the Center for Haal reatingExcellence (CHTE)
sponsored an investigation of the effects of contamination on vacuum carburized $teelobjectives
of this investigation were as follows:

1 Objective 1 To determine the effects of contamination on the appearamagdnessgcarbon
profile, andmicrostructure of vacuum carburized AISI 9310 steel.

1 Objective 2 To determine the effectiveness of typical cleaning methmushe appearance,
hardness, carbon profile, andicrostructureof vacuum carburized AISI 9310 steel.

To accomlishtheseobjectives,an experimental investigation was conducted and samples that were
contaminated, contaminated and cleaned, and as normahzece vacuum carburized. For objective 1,
postvacuum carburized contaminated and roontaminated samples @&e compared. For objective

2, postvacuum carburized contaminated and cleaned samples were compared. The following sections
of this paper will detail the introductory knowledge needed to understand the background of this
investigation, the methodologyhat was followed, the results of the various tests conducted, the

analysis of those results, and finally tb@nclusions of this study.



2 Background

2.1 Steel
Steel is an iron and carbon based alloy with the phase diagram shdviguirel. This experiment

involves AISI 9310 steel which is in the nidkebmiummolybdenum steel familyith 0.10% carbon.
The composition of theteel and the principle functions of the alloying elements are shovrabiel
andTable2 respectively.The typical applications of AlSI 9310 include gears especially in the automotive

and aerospace industries, components for small arms, and track rod@&E® EduPack, 2009)

Tablel: AISI 9310 composition

3.03.50 0.450.65 1.001.40 0.080.15 0.150.30 0.025 max 0.025 max

Table2: Alloying elements' pinciple functions
from: (Heat Treating Data Book, 2006)

C To control strength level

Ni Hardenability & improve notch toughness at low temperatt
Mn Hardenability

Cr Hardenability & @idation resistance
Mo Hardenability & improve creep strength

Si Deoxidizer

P Ferrite strengthening & corrosion protection

S Improve machinability
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Figure2: Timetemperature diagram for AISI 9310 steel
from: (Vander Voort, 1991)

2.2 Carburization
Carburization is a surface hardening heat treatment process. First, the material blequidtreated if

necessary. For example, AISI 9310 should be normalizettapered before carburizatiofHeat
Treating Data Book, 2006 hen carburizing is done by introducing a carbioh gas into a furnace

containing he parts to be heat treated at about 16AF00°F. The introduction of the carboich gas to
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the furnace is called the boost step and the release of this gas from the furnace is called the diffuse step.

Gas carburized samples typically have 1 boost dffulsé step. In the boost step, the carbon diffuses

into the lattice of the part to be heat treated. This causes the surface to be harder due to carbides and

an increase in the covalent bonding in the stlerdlin & Ness, 83). However, a more significant
YSOKIFYyA&aY F2NJ G§KS OFNb2yQa aiNBy3dIGK KFNRSYyAy3d LINP
martensite BCC lattice. Also, carbon increases the stability of the austenite phase, which means that an
increase inthe amount of carbon introduced to the steel, increases the amount of retained austenite

present postcarburization. However, as the carbon sugaturates the austenite lattice, the

diffusionless transformation from austenite to martensite occurs, whsdhé second major mechanism

for hardening by the carburization process. For significant hardenitige stee]it is necessary faan

increase irboth carbon concentration and martensi{@ensi, Stich, & Totten, 2007)

Carhurization produces many desirable materials properties. Some of those properties include high
compressiveaesidual stresses within theffective case depthhigh toughnesshigh wear resistance and
durability, and high powerto-weight ratio The high poer-to-weight ratio makes this an ideal process

in the manufacturing of transportation, in particular aerospace and helicopter, applications.

2.3 Vacuum Carburization
Vacuum carburizing is based on the same principles as gas carhukingverthere aresome

differences in theorocesgparameters. The carberich gas is pulsed into theacuumfurnace, leading to
many boost and diffuse cycles, as showfrigure3. When the gas is pumped into the vacuum chamber
(the boost step)the concentration of carbom the atmospheras high (as seen iigure4) and the

activity is almost infinite. This high activity leads to a higher affinity for diffusion and thus, when the
carbonNA OK 3 & O 2 yuifdced,ihe gas deCompdsebliiitéd c@rbai and nascent hydrogen
molecules. During the diffuse stage, the carbon is driven further into the lattice, causing a lower
concentration of carbon on the surface. This larger concentration gradient draws more gaitotime
lattice during the next boost cycle. If the amount of carbon at the surface is too high, there will be too
much austenite retained in the sample corners since the corners have a reduction in access to the
sample corgDavis & al., 1991) If the carbon activity is too high, massive carbides can form within the
carburizing target parts and the carbon will have a high thermodynamic stability in the form of graphite,
which will precipitate out of the gaseous solution &odl the insides of the furnace. This phenomenon
is called sooting. The result of sooting is expensive in the cost of cleaning materials and operation

down-time needed to clean the furnace. Therefore, the carbieh gas is diffused shortly after booste
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to reduce the possibility of sooting. The length of time of the boost and diffuse cycles is controlled to

produce a desired case depth, which is typically defined to an effective hardness like RGck@ell

Cabenflus 2 tha steal ourbos, gomrfs
L

Y
L

0 Time.s

Figure3: Pulsedvacuum carburizing process
from: CarbTookoftware (Wang & Sisson, 2009)

Carbon Concentration[wt.24)
210

— Calculated Surface Carbon

- — — — — -
0.00 7.08
Total Time [h]

Figure4: Carbon concentration duringhe vacuum carburzation process taken from simulation of sample 99 of thi
experiment. Dotted line indicateshe carbon concentration (1.05wt% C) at which carbides will begin to form for this alloy.
from: CarbToobkoftware (Wang & Sisson, 2009)

There are many advantages to using vacwamburizing instead of gas carburizing. A vacuum
atmosphere allows for a more uniform distribution of the carbarh gas rather thanraenriched ende
gasatmosphere. The high circulation of carboch gas and absence of other gases in the furnace leads

to lower partial pressures of the gas needed to achieve the same carburizing conditions. This, therefore,
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reduces the amount of gas consumed in the overall process. Since the vacuum environment and
uniform gas conditions are more easily controlled, thex better reproducibility and standardization in
vacuum carburized par{®avis & al., 1991)It enables carburization within small diameter openings

and leads to thicker case depths. However, due to energy costs, it &sausr effective to use gas
carburization on thicker (>0.6mm) case depths than it is to use the vacuum variation. It also goes much
faster than the gas method since there is a higher activity of carbon in the atmosphere and is usually
done at higher tempeatures, which means a faster carbonariron lattice diffusion ratdHeat Treating

Data Book, 2006) There is also a significant reduction in oxygen present in the furnace compared to gas
carburizing. This lower oxygen pattpressure leads to far less surface oxidation and more importantly,
less intergranular oxidation (IGO). IGO has been shown to reduce performance and significantly reduce
the life of a par{Bykowski, Speer, Krauss, JohnsoBugnett, 2008) Figure5 shows the difference in

lifetime (L10 and L50) between 4120 and 4320 steels carburized at varying temperatures (low, medium,
and high), reheated, and under low pressures (vacuum). Another importaahghe of vacuum
carburization especially in heat treating gears Is that much closer final dimensions are achieved, which
reduces the amount of machining needed to the poatburized part¢Davis & al., 1991)This reduces

the amount of labor, machine maintenance, and possibility for deformatfidre distribution of internal
stresses can cause extreme deformation during machisimgeducing the amount of machining

needed to the gears could reduce the number of rejectedrgiedastly, another advantage of vacuum
GSNERdza Il a OFNDBANAT Ay3a Aad GKFEG GKS @I Odzdzy G§SOKY A |j
have high concentrations of CO and,(@eenhouse gases), which is a concept of growing importance

to industrialcompanies and consume(sleat Treating Data Book, 2006)
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From:(Bykowski, Speer, Krauss, Johnson, & Burnett, 2008)

2.4 Cleaning
All manufactured parts have the possibility to acquire surface contamination at some point throughout

their processing. The contaminants can find #urface of a part in an upstream process or
transportation between locations or machines. Contaminants can affect downstream processes in the
form of equipment contamination or damagad process inefficiencies. As mentioned previously,
equipment contanination or damage can require operation delays as the equipment is cleaned or

replaced. The efficiency can be lowered due to a thin film barrier for heat and mass transfer. This leads



to inconsistent and nowniform mechanical and physical propertiesclk as diffusion, and varying grain
development. Surface contamination can also lead to poor surface finish or quality, resulting in an
unhappy customer (Mark Fretz, personal correspondence, Oct. 29, 2008). Therefore, these parts must
undergo surface fishing procedures which reduces the overall process efficiency. Typical contaminants
for gears, the main application of this experiment, include cutting fluid from previous machining,

guenching oil, rust, and rust preventative oil.

While it would be idal to have clean parts, it is not always necessary. For example, some light oils are
evaporated in a furnace and have little impact on the equipment and part so their removal is not
necessaryo clean the part The two variables that factor into this decision the most are the cleanliness
requirements and cost effectiveness of cleaning the péirit is deemed necessary to clean the part,
there are eve more variables to consider when selecting a method of contambireanoval. These
variables include the contaminant and part material compatibility, part size and geometry,
environmental friendliness of cleaning agent or method, the facility capabjldies downstream

operations that could be affected by cleaning technig8esson & al, 2008)CHTE has developed a
software program in which a user can input these parameters and the program will report on the
cleaning methodhat should be usedFigure6 details the typical selection choices for the most

common contaminates.
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& Chips
Sult Bath Descaling
‘ Tumbling
Riist & Scale Pickling

Figure6: Cleaning method options for common contaminants

from: (Sisson& al, 2008)

There are multiple methods and pieces of equipment to measure sample cleanliness and identify
contaminants. The quantitative cleanliness measurements can be completed usindiuorescence
spectrometry (XRF), lasgrduced breakdown speaiscopy (LIBS), laser assisted microwave plasma
spectroscopy (LAMPS), Fousieansform infrared spectroscopy (FTIR), desorption electrospray
ionization (DESI), desorption atmospheric pressure chemical ionization (DAPCI), and most commonly,
common mass sprometry (Sisson & al, Characterization, Evaluation, and Removal of Surface
Contamination from Pre and Post Heat Treated Parts: Z00&2008) CHTE suggests the simple
methodology inFigure? for the qualitative identification of the contaminant category (i.e., particle or oil

contamination) which will dictate which required cleaning method.
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Figure7: Methodology for contaminant idetification

from: (Sisson & al, Characterization, Evaluation, and Removal of Surface Contamination from Pre and Post Heat Treated

Qil

Parts: 200802, 2008)
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3 Methodology

The purpose of this experiment was to determine the effect of contamination and cleaning on vacuum
carburized AISI 9310 steel. The evaluation of the effect of contamination was done by comparing the as
normalizedand the contaminated samples. The determination of the effect of cleaning was done by
comparing the contaminated and the cleaned samplegure8 details the experimental procedusnd

Table3 contains the test matrix used for this project

9310

Data

As

analyzed

normalized

> Contaminated ~*

Vacuum
carburized

‘ Heat treatment process

Cryotreated Tempered -

Not _J

cleaned

Cleaned —

Figure8: Experimental flowchart

Table3: Test natrix

Material Contamination Carburizing | No. of samples
condition
AISI 9310 Hot cutting fluid | Cleaned 8
Not cleaned | 8
Cold cutting fluid | Cleaned 8
Not cleaned | 8
Rust preventative| Cleaned 8
oil Not cleaned | 8
Rust¢ 2 days Cleaned 4
Not ckaned | 4
Rustc 4 days Cleaned 4
Not cleaned | 4
Rustg 7 days Cleaned 4
Not cleaned | 4
Rustg 19 days Cleaned 4
Not cleaned | 4
None Normalized | 8
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The samples were contaminatedth oxidation,hot and coldcutting fluid, and rust preventativeil, and
the cleaning techniquethat were used were acidand alkalinecleaning. The vacuum carburization was
done at ECM USA, Inc. at 930°C usphf gas for about 9.5 hours in a confidential boost and diffuse
recipe, and then quenched using high pragsnitrogen gas.This was immediately followed by the
cryotreatmentdone at-100°C for8 hours and then tempering at 166°C for 3 houFfe cryotreatment
was done since the alloying elementsAitsl 9310 as well as the carbon diffused in during the
carbuization lowered the martensite start temperatur@.he alloying elements affected the martensite
start and finish temperatures by either stabilizing the austenite or martensite phi{&sesdlin & Ness,
1997) The effect of cdvon and the other alloying elements can be seeRigure9. The tempering was
doneto relieve the localized stresses caused b the carbon ssgkeiration and latticadistortion, as well
as the stresses caused by quencHihgnsi, Stich, & Totten, 2007)he samples were analyzed using
mass flux (change in weight), surface hardness (Rockiyethicrohardness (Vickersptical emission
spectroscopy@ES)for carbon concentrationsand xray diffracton (XRD) measurements. The samples

were also examined in an optical microscope and a scanning electron microscope (SEM).

To0 .
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Amouni of ABoying Element, %

Figure9: Effect ofcarbon concentration (a) and other alloying elements (b) on the martensite starhperature.

From:(Sverdlin & Ness, 1997)

3.1 Sample preparation

A63-inchin length, 1.25inch in diameteibar of AISI 9310 steel was purchagedold-finished

condition. Since carburizing of this alloy is done in the austgplitase and on nestressed pieces, the
bar was then cut into 3 smaller pieces in order for the bar to fit into the furnacedonalization The
samples were normalized in a furnace at 1650°F for 4 hours and then were cooled in the ch@hiber.
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was dne to get a microstructure of fine ferrite and pearl(dander Voort G. , 2003Dncenormalized

the bar was sliced intapproximately 8mm itength pieces, a hole drilled for use of hanging the parts in
the carburizing ftnace, and sequential numbers were etched onto the face of each sampleau€iNg
lathe. SinceDlga Karabelchtchikowehowed in her research that the surface roughness affects the
overall carburizatiorfKarabelchtchikova, 200,ahe pieces were manually loaded into a raimil in

which they were trimmed to have the same surface roughness as the other side of each coupon.
Following machining proceduresist preventative oil was applied to each coupon to temporarily
protect the surface until the proper contamination and cleaning could be administered.

Once all of the samples were completed, the preparation for contamination began. The samples were
rinsed in acetone and then submerged in acetone alisonicallycleaned This was to remove any of

the rust preventative oil and machining chips that remained on the sample surfaces. The samples were
then weighed on a highrecision scale out to the hundratiousandths position, or 5 significant figures
past the decimal point. his was the considered the initial sample mass. The coupons were then ready
for the contamination stage in the sample preparation.

3.2 Contamination

There were 3 contamination sources that were investigated: rust, cutting fluid, and rust preventative oil.
There were 2 testingonditionsfor the cutting fluid which included samples at room temperature
exposed to the cutting fluid and then samples that were heated and then exposed to cutting fluid.
There were also 4 testing conditions for rust in which therthisinating factor was the length in time

that the samples experienced a higlamidity environmentThe mass of all samples was measured both
before and directly after the contamination. The following section details the method of contamination.

3.2.1 Rust

Thele were 4 sets of 8 samples each that were oxidized in a closed tank containing close to 100%
humidity. The 4 sets were distinguished by the length of time that they hung in the tank: 2 days, 4 days,
8 daysand19days. It was arranged so that the samplevould not make contact with each other and

that more samples could be added in such a way that the samples already in the rusting process would
not be disturbed.The arrangement can be seenRigurel.
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FigurelO: Arrangement of rusting method: side viewith all coupons loadedtop), aerial viewwith first 2 batches loaded

(bottom).

Sunday

Monday

Tuesday

Thursday Friday Saturday
13 Corrosion 14
process started

for 8 samples (19

Wednesday

days)
15 16 17 18 19 20 21
22 23 24 Corrosion 25 26 27 28 Corrosion
process started process started
for 8 samples (8 for 8 samples (4
days) days)
March1 2 Corrosion 3 4 Corrosion
process started process
for 8 samples (2 terminated (all
days) samples)

3.2.2 Cutting fluid
The cutting fluid that was used for this experiment was an emulsion of 5 percent Castrol Clearedge 6519
concentrate and 95 percent tap water with a pH value eafhpled from one of the machines in the

WPI ma&hine shop This is a typical cutting fluid that is used in machining in places that indiRdle

Yl OK A y SCN& machid@@isson & al, Characterization, Evaluation, and Removal of Surface
Contamination from Pre and Post H8aktated Parts: 20682, 2008)

Two separate cases of cutting fliddntaminationwere examined. For the first, 8 coupons at room
temperature were dipped into cutting fluid also at room temperature. The second set of 8 coupons was
heated to 300°C fds minutes and then dipped into cutting fluid that was at room temperaturais

was to simulate the heating of the metal in the cutting or grinding procéssas taken into

consideration that the coupon would heat tloatting fluid therefore, there wa a large enough volume

of cutting fluid that the fluid temperature did noaiseconsiderably, which would alter the parameter

for the latter coupons dipped into the cutting fluid. In both cases, after the coupons were taken out of
the fluid, they wereadid out to dry on aluminum foil.
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3.2.3 Rust preventative oil

Rust preventative oil is a common contaminate on sample surfaces. This contaminant was even applied
to all of the coupons after the final machining stage before the study began. For this studydnp

the rust preventative oil was cleaned off before any weight measurements were takerntentional
contaminationof 8 couponsvas done byndividuallydippingthe samples into a container aihused

Houghton Rust Veto 422%ist preventative oilThey were then allowed to hang dry.

3.3 Cleaning

Two cleaning methods were used to remove the contaminants from the coupons. These methods were
selected based on their prevalence and common practice in the industry, as well as for the compatibility
with the AISI 9310 steel and the contaminantfter the cleaned coupons were dry, they were weighed
and their masses recorded. Then a cleanliness test was performed on one sample from each category:
asnormalized rusted 2, 4, 7, and 19 days (cleaned and notyl cotting fluid (cleaned and not), hot

cutting fluid (cleaned and not), and rust preventative oil (cleaned and mj}ails about the cleaning
processand the cleanliness testre described in this section.

3.3.1 Acid cleaning

Acid cleaning was used to rewe the light rust on the samples that were oxidized for 2, 4, 7, and 19
days. The acid solution wa80mL 050 vol% HCI and 50 vol#éionized D) water at room

temperature The coupons were submerged in the solution for 1 minute and then submerded in
separate 400mL DI water containers for 1 minute for each container. The samples were then rinsed a
final time with DI water and then hung to dry. The acid solution was replaced with another 400mL of 50
vol% HCI and 50 vol% DI water bath part way thiding experiment when bubbles were no longer
forming on the oxidized layers of the coupons after the initial submersion.

3.3.2 Alkaline cleaning

An emulsion of 5 vol% Ce#deen 5378n 95 vol% DI water at 76°C was used to remove the cutting fluid
and rust preentative oil. These conditions mimic the cleaning practices of one unnamed CHTE
associated company. However, the CtEEociated company usually submerged the samples for 15
minutes in the cleaning solution. For this experiment, the sample were subohé@rgbe cleaning

emulsion for 10 minutes and then, similar to the acid cleaning procedure, the coupons were submerged
in 3 separate DI water containers for 1 minute per contairfidre samples were rinsed with fresh DI

water and then hung to dry. Samplegre slightly agitated in the cleaning solution by rocking the

Al YL S&a 2NJ 0KS o6SI 1 SN® CKA&d o1 a4 R2YyS (G2 RAA&f2R3AS
for more even contact with the cleaning agent.

3.3.3 Cleanliness Test

The cleanliness test wamsed off of the suggested evaluation process from the CHTR é&port,

which has been reproduced kigurell. This test was performed after the coupons were all
contaminated and cleaned (if applicable).
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Figurell: Proposed cleanliness evaluation process. Frg8isson & al, Characterization, Evaluation, and Removal of Surface
Contamination from Pre and Post Heat Treated Parts: 2023 2008)

3.3.3.1 Black light

The room was d&ened as much as possible for this test. A box was also placed over the samples but
lifted enough to shine the black light on the samples and to see the illuminated couporisual

inspection was done to find any traces of oil§loorescentparticles.

3.3.3.2 White towel test

White paper towel found in the laboratory was used for this test. For the purposes of this experiment,
strips of paper towel were cut and used to wipe the surface of the sample. White cloth could also be
used in place of the paper t@l; especially in applications where the surface finish is delicate or must
be impeccable (i.e., no scratches).

3.3.3.3 Scotch tape

Strips of egular, commercial scotch tapegere used. The strips were pressed against the opposite side
of the samples that were tésd with the white towel. This was donéo evaluate the efficacy of #se

two testsindividuallyand ensuring neither test influencete other.

3.3.3.4 Water break test
This test was not performed since there was not enough oil on the surface of even thdeamed
samples contaminated with the rust preventative oil.
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3.4 Analysis

In order to analyze the effects of contaminants on the carburized samples as well as the effects of
cleaning those contaminants from the samples, quantifiable data is needed. dhitishrough

different techniques such as weight gains measurements, hardness tests, micrographs, and retained
austenite values. These techniques are described in this section.

3.4.1 Weight gain measurements and calculations

Weight gain measurements were craidor this experiment and were, therefore, taken several times
through the course of the experiment. The mass of each sample was determined after the samples
were normalizedand cleaned in the acetone and ionic cleaner. The samples were then weighed aga
after they were contaminated. The samples that were cleaned were weighed after this was done. Then
a final precarburization massalue was taken for 1 sample from each condition thant through the
cleanliness test as previously described. Thesnodgach sample after the carburization process was

also determined.All mass measurements were done with the samples being completely dry (including
the oil and cutting fluid contaminants). It was from siseneasurementshat the overall weight gain

from carburization was determined.

3.4.1.1 Mass flux

The weight measurementmnabledthe calculation of the mass fluk[g/cm?s], of each sample and an
averagecarburization weight gain and fldar each condition.For each sample contaminated with
cutting flud, rust preventative oil, and the amrmalizedsamples, he fluxwas calculated as the post
carburization mass minus the mass of the lastgaeburization measuremerjg] divided by each

al YLX SQa AdeMIFandbSostltimedd], as seen Eguationl.

o ~ o ~
_ d abMm O_ daMaftercarburizé@n B Maftercontemination’cleaningcleartestO

T afa U ad A g

Equationl: Flux of rust preventative oiland cutting fluidcontaminated samples as well abe asnormalizedsamples

For the rused sampleshowever, therevasa probem with the rust falling off of the samples in transit
or in the furnace. Therefore, the flux was calculdbgdntegrating the area under the empirical carbon
profile curveand then dividing by the time in the boost stage of carburizirsgseen irequation2.

Csurface .
n I (distancg
J c - initial

t

boost

Equation2: Flux of rusted samples

For bothmethods offlux calculationsthe surface area was determined for each sample using the
following formula:
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A riace= 200 2 + 2ot = 2pr (r +t) = 2p(15.587mm) @L5.587Tmmi+t)

Equation3: Sample surface area

Wheret [mm] is the sample thickness. Due to tolerances in the manufacturing process, the thicknesses
varied slightly among the sampleEhe time usedor both methodswas the boost time, 1448econds.

3.4.2 Hardness measurements and profiles

Two hardness measurements were taken for each of the samptescrohardness as well as
microhardness. The first was the macrohardness, or surface hardness, which was done using the
RockwellC equipment. The send was the microhardness profile that was done using sample-cross
sections and the Vickers hardness equipméeFriie microhardness profiles were also used to determine
the case depth of the samples, based on Rock@elalues equal to 50, or the equivaléfickers
hardness measurement of 513. Both macro and microhardmessurements were taken for all
vacuum carburized samples.

3.4.3 Surface carbon and carbon profile measurements

The remaining sections of the samples that were cut for esession analysis we used for further
analysis, which included surface carbon and carbon profile measureménésweight percent of

carbon at the surface of the vacuum carburized samples as well as the qadies throughout the
samples weraletermined using opticalraissions spectrometry (OES). For the surface measurement,
the samples were untreated and the OES burns happened on the top layer of the samples. For the
carbon profile, the samples were haigdound on a belt sandemtil a clean, flat surface was formed.
¢tKSy GKAa fle&SNRa odaN)ya 6SNBE R2yS gAGK GKS ho{ o
in order to form the profile.For the HCF, CCF, and Rid@taminated samples as well as the as
normalized samples, the profile formed was comparedhat tgenerated by CarbTool, a carbon profile
predicting softwardWang & Sisson, 20Q9)sing the calculated fluxes froBguationl. For the oxidized
samples, the area under the carbon profilewe made using the OES was calculated and then divided
by the boost time, aseen inEquation2, and this flux was input in CarbTool to produce a graph to
compare to that from the OES measurements

3.4.4 Photomicrographs

Photamicrographs were obtained by cutting at least one sample from each condition as well as others
that had unusual hardness or weight gain measurements. The cross sections were then mounted,
polished, and etched in order to view the grain boundaries. The etchanth@asommonly used 2%

nital, consisting o2%nitric acid. The samples were viewed and iemgaptured using an optical
microscope as well as a scanning electron microscope (SEM).

3.4.5 Retained austenite measurements

The other face of the samples used for carbmeasurements were utilized fofray analysigand

retained austenite calculationsThe allowable amount of RA is typically specified because of the

OKI y3aSa Ay LINR/LBBHNEes & & dedimblelide £gear to have a high surface hardnes
and therefore a high resistance to surface contact fatigue, which means that the surface should contain
Y2NB 27 (hése. KiheNBréSalthegear, however, should remain more ductile so that it can
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better absorb impact and fatigue stresses. Thlothe RA can be transformed to martensite by
mechanical work (i.e., typical tootlooth contact with gears being use@budaia, Evans, & Shaw,
2003) it is usually desirable to install the gears with the transformation aly¢aklen place. The
mechanical transformation can lead to grinding cracks and more importantly, dimensional instability
which is a huge problem for the aerospace and helicopter industrial who work in tolerances of
thousandths of inche@ensely, Prabhakaran, Mohan Lal, & Nagarajan, 2005)

Each application and many gears require different maximum amount of RA specifications depending on
this balance between hardness and ductility. For example, heat treated parts done irkysikoist

follow the United Technologies specification SS 8015 which sets the maximum amount of allowable RA
to be 20%{Aircraft, 1996) Other gear customers require -PR%. The aerospace industry has much
higher standards witla maximum RA level set to 4%budaia, Evans, & Shaw, 2003)

The high amount of RA results from a aoartensite finish in the quenching of the samples. This is
because of the lowering of the martensite temperature causethbyalloying elements, in particular

2 LJSfeldelements like Ni and Mn. There is an opposing force to this phenomenon which supports
GKS F2NXIFGA2Y 2F YIENIGSYyaAdST (kifeld&8dnsnsandindudes KA OK
Cr, P, Mo, andiSOther alloying elements disrupt theephase diagram and cooling curves by

introducing a biproduct of carbides. The elements that most often result in carbides are Ti, Cr, and
unavoidably, FéBhadeshia & Honeycombe, 2Q0an order to overcome the high amounts of RA

caused by the lowering of the martensite temperature, the samplexaretreated thus allowing the

samples to progress closer to the theoretical martensite finish temperature.

The etained austenit RA)levels were measurkusing xray diffraction andhe fraction of RA levels
were calculated according to the ASTM standard of measurementB&AE>97584: Standard Practice
for XRay Determination of Retained Austenite in $iath Near Random Crystallographic Orientation",
1989) An analytical program made in Exce¢eAppendix 1Retained austenite calculation program
made in Microsoft Excglvas used in the calculations as wélhe spectra fsm slected samples, at

least one from each condition (cleaned and rad@aned samples from each contamination category),
were collectedwith the xray diffraction machine.From the spectra, the integrated intensity under the
W I AMEH A Y -21YpRakd as well as the peak location were used in the retained austenite

R

OF £ Odzft  GA2y&ad ¢CKS CdzZf ft NPT {dzAGS a2Fdet NB LI O 3

under the peaks and determine the location of each peak.
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4 Results and discussion

4.1 Cleanliness tests

4.1.1.1 Black light

This method was inconclusive since there was not a noticeable difference between any of the samples,
except for the difference between tHaminoussteel and the no-luminousrust. This was an

impractical test since there it was so difficult to achieve adequate darkrigssefore, the evaluation
process continued.

4.1.1.2 White towel and scotch tape

The results of these tests can be seefigurel2. These methods both detected the rust, but were not
useful for the cutting fluid, rust preventative oils, orre@malizedsamples. The usefulness of this test
was not great because the rust that is so visiblBigurel2 can easily be seen on the samples
themselves, which makes this test seem redundant and unnecessary for heat treating operators.

Figurel2: White towel and scotch tape tests: rusted samples (left) andting fluid, rust preventative oil, and asormalized
samples (right)

4.2 Visual appearance

An important qualitative not quantitative resultasthe visual appeararecof the postcarburized parts,
as seen ippendix 2: Macrecale pictures comparing prand postcarburization All samples lost
their lusterand became dull in appearance after the carburization process. Other than the dull

20



appearance,lie as normalized, i.e. netontaminated,samplesdid not seem to have a significl
difference in appearance after carburizithgain before the process

For all rusted samples when rust was apparent, the color of the oxidization changed before and after the
carburization process. Before the carburization, the rust was a frarmgeto dark brown color.

However, after the carburization, the rust was black. The rust also seemeddhelied to the surface
before the carburization and afterwards, it rubbed off slightly easier but still had good adhesion to the
steel surface.The smdlamounts of rust that was present on the samples oxidized for 2 days before the
carburization was not present afterwards. Also, the cleaned andcieaned samples had little

difference between them visually. The samples oxidized for 4 days and tlaedleeemed to have no
rust on the faces of the samplegcept for 1 samplebutthey allhad some rust on the sides of the
samples. The samples rusted for 4 days and not cleaned before carburization had visual rust on the
faces and sides of the sampleBhere started to be a difference in the cleaned and not cleaned samples
with the samples oxidized for 8 days, with mde cleaned samples appearing to be a darker shade of
dull gray color but with less black surface rust on the sample fales sampls oxidized for 1@lays

had a similar pattern with the darker shade of gray color, however, the cleaned samples appeared to
have more of the black surface rust on the faces than the not cleaned samples. This is the opposite
result than the prediction sinceleaning is done to improve the carburization and appearance. This
could be due to the adherence of the rust before the carburization. If is possible that the cleaning
removed the lessdhered oxides, leaving only the watlhered rust. The not cleanesdmples had the
lessadhered rust rubbed off in transit, possibly removing some layers of better adhered rust with it.
This is all speculation, however, since this observationngradictory to historical heat treatment
knowledge

The cleaned and noteaned HCleontaminatedsamples were a similar shade of dull gray color after the
carburization. However, the not cleaned samples had a splotchy residue appearance on the samples
that made them look dirty and not aesthetically desirable. The cleaneglsarhad barely any of this
discoloration. The cleaned and not cleaned G&taminated samples had a similar resadtthe HCF
contaminated samplesThere did not seem to be a difference in the appearance between the cleaned
and not cleaned RREbntamirated samples soon after the samples were carburized. The samples were
stored individually in sealed bags in the same environmental conditions for all samples, however, after
about 6 months after the samples were heat treated, the cleaned samples haficsigtty more dark

brown colored rust than the not cleaned samples. This was most likely the result of the cleaning
procedure being too aggressive rather than the RPO contaminatian incorrect cleaner was chosen

for the AISI 9310 steel chemistritis believed that the RPO will burn off of the samples in the furnace
at the given carburizing conditions.

4.3 Mass measurements and flux calculations

It was determined that mass measurements for the oxidized samples could not be used in the flux
calculations.This was because the calculated flux was too low andllege in mas#or all of the
rusted 19 days (R4 cleaned and not cleaned) samples Vesight after carburized This contradicts the
carbonand hardnesgrofiles and the bas principles of thermognamicstherefore, it was determined
that the mass losses during transportati@rere not accounted folin the weight measurements.It was
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not possible to assume that all of the rust fell or was rubbed off the sample during transportation
because there wastill visible discoloration in the form of oxidation on the surface on the R3 and R4
samples.Therefore, the mass measurements for the oxidized samples could not be used due to the
unknown source of the weight loss.

For the HCF, CCF, RPO, and as naedadiamples, the mass measuremeansl calculations for weight
gains were all very similar, averaging between 0.13505¢g-¢H&Erage) to 0.14082g (as normalized,
average) weight gain. Once the samples were compared using the flux measurements canédied

for the minute differences in the sample surface areas, the difference between the representative HCF,
CCF, RPO, and as normalized samplesisaminimal: 3.877& g/cnts (CCHc) to 4.061& g/cnfs

(CCKC). This showed thakeither these contanmiantsnor the cleaning had a significant effest the
vacuumcarburizationof the samples.

Table4: Calculated carbon fluxefor representative samples (black) and selected samples with hardness anomalies (red).

Sample Condition X (g/cns)* Anomaly*
64 RInc 4.394E06
18 RZc 3.994E06
91 R2nc 4.210E06
95 R2c 4.243E06
53 R3nc 4.264E06
21 R3c 3.789E06
98 R4nc 4.254E06
100 R4c 4.372E06 High wt% C at surface
99 R4c 4.318E06
58 HCFnc 3.986E06
62 HFGc 3.985E06
103 HFGc 3.489E06 Low wt% C at surface
86 CCHc 3.877E06
106 CCk 3.807E06 Low average HRC
82 CCk 4.061E06
15 RPOnc 3.899E06 Low average HRC
8 RPGnC 3.969E06
43 RPGc 3.981E06
101 RPGc 3.886E06 Low average HRC
10 as normalized 4.008E06
61 as normalized 4.019E06

*fluxes for the oxidized samples weretrfound using mass measurements; rathesjng theOES carbon profile

*HRC (RockwelC hardness) and wt% C at surface are discussed in the followingnsecti
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4.4 Hardness measurements

Theaveragemacrohardness measuremen$the various testing conditionsade with the RockwelC
equipmentwere within a range of 61.4 to 62.3, or a 0.9 differenaea in Table5. This indicated thia

the contaminants had a limited effect on the surface hardness of the samples. Also interesting was that
the asnormalizedsamples had on average, higher hardnesses than contaminated and contaminated
then cleaned samplesThis was to be expected, howaysince there would have been no additional
boundary layer which the carbon atoms would have had to penetrate in order to be absorbed into the
steel. From these measurements, a few anomaliegher hard or soft measurementswere

discovered, and thoseere the samples that were choséor further analysis.

Table5: Average RockwelC hardnesses by contamination category

Rlnc 61.9
Rlc 61.7
R2nc 61.9
R2c 61.7
R3nc 61.9
R3c 61.6
R4nc 61.4
R4c 61.5
HCFnc 61.8
HCFc 61.9
CCHc 62.0
CCk 61.7
RPGNnc 62.1
RPCGc 61.8
Asnormalized | 62.3

Microhardnesgprofiles, as seen iAppendix3: Microhardness profileavere created with theVickers
hardness equipment. Thaicrohardness profilesfahe samples that had the anomalies in the
RockwellC hardness measurementhown in red in the legend and green for the data pqints
confirmed their abnormal macrohardness measurements. Those profi@s consistentleither

higher or lower than thegpresentative samples from each contamination categdtgwever, there
was not a significant difference in the profiles for the cleaned versus not cleaned samples or those
compared to the agormalizedsamples. This suggested that there was nsigaifcantdifference in

the internal hardness due to the cleanliness of the samples

4.5 Surface carbon & carbon profile measurements

The surface carbon and the carbon profile were measured withaD&8an be seen iAppendix4:
Empirical OESathon profiles It was noticed that the weight percent of carbon was much higher on the
surface of the oxidized and not cleaned sampleB©F OCF, and RPO than on the cleaned and as
normalizedsamples. Thisould bedue tothe2 E A RA | S Ryredtdr saifdteSaudghness, especially
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those oxidized for 7 and 19 days with thicker layers of oxides. An increase in surface roughness could
allow for the sooted carbon to adhere onto the surfadegardless, for all of the samples, the weight
percent @arbon was higlon the coupon surface

Once below the surface layétwas noticed that there wasot a significant difference in the
contaminated versus nenontaminated samples or the cleaned and not cleaned sampkeseen in
Appendix4: Empirical OESadhon profiles Alsothe weight percent of carbon began &ignwith the
valuespredictedin CarbTool Values were predicted using the flux calculations for each sample, which
for the cutting fluids, rust preventative odndas normalized samplegere based on the weight gain
during carburizing, the length of carburizing time, and the surface @reach sample For the oxidized
samples, the flux came from the empirical OES carbon cuiMes flux, the material propeds, and the
vacuum carburizing information, such as the recipe, were input into the CarbTool software. The
software produced predictions on the carbon profile which were then compared to the profiles formed
with the OES data. The result of these comeuss found inAppendix5: Combinal HV, CarbToaodnd
empiricalcarbon profileswas that the CarbTool accurately predicted the carbon profile

4.6 Combined hardness and carbon profiles

The Vickers hardness and carbon profiles wéogtgd together as a function of depth into the sample,
as seen iAppendixs: Combinal HV, CarbTooind empiricakarbon profiles The two axis were
matched so that the desired case depths of HV=513 and wéigttion ofcarban=0.35 were aligned.
The relationship between the microhardness and the carbon profile was compared for equivalent
depths into the sample, as representedrigurel3. This corresponds to data done by Shingo and
Takehitodetermining that the hardness is proportionally related to tb&bon concentration at levels
below 0.6wt%; above that concentration, however, the hardness and weight percent carbon do not
correlate(Shingo & Takehito, 2000)n thisresearch0.6wt% carbormwould be at a depth of
approximately G5to 0.8mm into the sample.

Sample 86 CCHc
700

650 R2=0 QE%.L
600

550 J//'
500 /./
450

400 ’/i

350
300

HV

0 0.2 0.4 0.6 0.8 1
wt % C

Figurel3: Microhardness dependence on weight percent of carbon
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Linear interpolation of the raw datwasused to determine the case d#ys of the selected samples, as

seen inTable6. Case depths were determined using three sources: Vickers hardness values, carbon
concentration, and the CarbTool predicted carbon concentration. The desired case depth was defined
as a value of 50 on the Rockwe€llscale, which converted to a Vickers hardness value 0b548a
concentration of 35veight percent carbomt 0.9 mm (0.035 inches)he case depth of 0.9mm was not
achieved for any of the samples, but the case dejattues determined using CarbTool and the empirical
values were consistent with each other. The case depths found using the Vickers hardness values were
significantly higher than those from the other two methods. This is due to the dependence of the
martensite hardness on the carbon concentration, which at these case depths would be below the
0.6wt% carbon level.

Table6: Calculated case depgh

Case depth | Case depth Case depth measured
Sample Condition HV (mm)* | CarbTool (mm)**| wt% C (mm)**
64 RInc 1.44 1.25 1.28
18 RIc 1.37 1.19 1.20
91 R2nc 1.39 122 1.27
95 R2c 1.45 1.23 1.24
53 R3nc 1.49 1.23 1.25
21 R3c 1.37 1.15 1.16
98 R4nc 1.40 1.23 1.26
100 R4c 1.37 1.25 1.24
99 R4c 1.47 1.24 1.26
58 HCFnc 1.43 1.27 1.28
62 HFCc 1.31 1.27 1.31
103 HFCc 1.18 1.17 1.09
86 CCHc 1.30 1.25 1.26
106 CCk 1.30 1.29 1.20
82 CCFk 1.34 1.24 1.25
15 RPOGNC 1.48 1.27 1.25
8 RPOGNC 1.44 1.26 1.23
43 RPGc 1.30 1.27 1.23
101 RPQc 1.27 1.25 1.20
10 as normalized 134 1.28 1.22
61 as normalized 1.37 1.28 1.22

*Case depth assuming Rockw€k50 or HV=513

**Case depth assuming 35wt%C
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4.7 Metallography

Selected samples were etched with nital, a common etchant for ferrous metals, and examined with an
optical microscope Thephoto-micrographs of the samples can be seeAppendix 6: Metallography

There did not appear to be a visual difference between the contaminated andommiaminated

samples or the cleaned and not cleaned samples. THedd Sa Q SR3ISa O2yaAraiSR 27
with little retained austenite, which was expected to be seand the center of the samples looked like
Figurel4.

Figurel4: Sample 58 Sample center 850X (left) and 2700X (right)

Since the features seamere similar for all of the cases, only two were selecteddicther examination
using an SEM. The work done in 8ieMprovided high magnification pictures as well as the ability to
useenergydispersive Xray spectroscopy (EDS) which uses thays that are emitted from target

atoms after they are struck by electrons from a SEM electron b@&@omann, 2001)EDSvas utilized

to identify the elements in the suspectedrbale features found during the examination with the optical
microscopeas well in the suspected sooted carbon deposits on the oxidized samples

The large amount of precipitates, as seerrigurelb, that were bund at the sample corne@ndon

some samplesery close to theedges were investigatedJsing EDS, these were confirmed to be
chromium carbidesas seen ifrigurel6. However, it was also suspected that therere iron carbides,

most likely FgC, present, whickcan besupportedby examining the phase diagram as seeRigurel

and the concentration of carbon at the surface of the sample veradsurizationtime, asseen in

CarbToaqlor the concentration of carbon as a function of time and position. Examples of the figure seen
in CarbTootan be seen ifrigure4 and the plot of concentration of carbon versus time and positiam ca

be seen irFigurel?7. Through EDS, it was determined that iron carbides were also present in the
samples, as seen Figurel6. The precipitates formed especially at tberners of the samples because

that was where the carbon was saturated during the preliminary carburizing stages and have less access
to the core since that is where two carburizing surfaces come togébevis & al., 1991)While a

network of these precipitates can be unfavorable when considering bending fatigue and the fracture

26



LISNF2NXYI YOS 2F | YIGSNARAFEEZ GKS& Oly o6S |If
resistance to abrasive we@Davis & al., 1991yhich is important in the case of gears.

SEI 15.0kv  X1,300 WD 17.0mm 10zm

SEI 150kV  X5500 WD 18.7mm Tum

Figurel5: Carbide features at the corner of sample 58: 20X (top left), 1300X (top right), 5500X (bottom)
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chromum carbide

iron carbide

Spectrum 5

iron carbide

Spectrum 6

steel matrix

Spectrum 7

chromium carbide

Figurel6: EDS analysis of carbides oansple 58
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Figurel7: Sample 99; Carbonconcentrationas a function otime and position (from: exported results from CarbTool)
Dotted line at carbon concentration=1.05wt% indicasghe entry into the FgC phase according to the phase diagram, thus
the beginning of carbide formation.

Carbides are formed during the carburization pregebut the size and distribution of these carbides can

be modified during the postarburizing processingspecially during quenching and cryotreatment

Cryotreatment in particular leads to a greater distribution of carbi@@nsely, Prabhakaran, Mohan Lal,

& Nagarajan, 2005) It is also suggested that submicroscopic carbides form during this process which
KStLla |fttSOAFGS a2YS8S 2F (AKS LAK GESSNIAIFND yEaiTNeRNaval Siah 26/ duiz
that this rediction in internal stress may be the mechanism through which the materials have better
properties(Davis & al., 1991)Regardless, many of the carbides are removed in theqarburization

final machining step of the process.

EDS also confirmed that the black discoloration on the oxidized samples in place of the rust prior to
OF NDBAzZNAT A2y 61 a AYRSSR OFINb2y a220SR Rgié2 GKS N
18. This was predictedu@ to the high carbon concentration in the furnace and on the sample surface.
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Spectrum 1

Spectrum 2

Figurel8: EDS analysis of sooted carbon on sample 90

4.8 Retained austenite

The XRBpectra wereconsistent for all of the selected samples thatre/examined, as seen in

Appendix7: XRD spectrtaThecalculatedretained austenite levelsas seen iTable7, werebetween

11.0 and14.3 and with the anomaly samples excluded, the range was muctetigii2.2to 14.3 with

the exception of sample 95 R2with 11.7 percent RAA correlation between percentage of retained
austeniteand the different contaminants or the cleaned and Adeaned samples was not apparent

The only exception was that themamaly samples constituted 5 of the 6 lowest values of retained
austenite. This was not thought to be significantly relevant due to the small scale of difference between
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all of the samples. herefore,differences between contaminants and cleanliness ledéd not seem to
have a significant effean the retained austenite levels of vacuum carburized AISI 9310 steel.

Table7: Percentage of retained austenite by contamination category

Sample Condition RA (%)
64 R1nc 13.2
18 RZ1c 12.5
91 R2nc 14.0
95 R2c 11.7
53 R3nc 12.2
21 R3c 14.3
98 R4nc 12.3
100 R4c 11.0
99 R4c 14.0
58 HCFnhc 12.6
62 HFCc 12.9
103 HFCGc 11.9
86 CCkc 13.3
106 CCFk 11.9
82 CCk 13.7
15 RPOnc 12.1
8 RPOGNC 13.7
43 RPCGc 13.2
101 RPGc 11.4
10 as normalized | 12.4
61 as normalized| 13.2

4.9 Summary of results

After extensive testing and analysis, the following conclusions have been made about the effect of
contamination on vacuuroarburizing of AISI 9310 steel and the effectivenessioent cleaning
methods:

9 Cleanliness tests:
0 Black light: inconclusive and impractical for applications outside of the laboratory
o0 White towel and Scotch tape: not viable except for already visible oxidation
9 Visual appearance:
o All samples lost theiuster post-carburizationg expected result
o As normalized samplesno difference postarburized versus prearburized
0 Rusted samplesall burntorange to brown colored rusthanged to black rust after
carburization. Postarburization results:
A Rusted 2 dayg no visual rust
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A Rusted4daysandcleaney 2 @A adzZl t NHzZAG OSEOSLII wm al

faces but some on the sides
A Rusted 4 days and not cleanedisual rust on faces and sides
A Rusted 8 days and cleanediarker shade of gray and less rust on fait®s not
cleaned samples
A Rusted 19lays and cleaned darker shade of gray andore rust than not
cleaned samples
0 HCK cleaned and not cleaned same shade of dull gray. Not cleaned samplas had
splotchy residue appearance
0 CCFk same as HGéontaminatedsamples
o RPQ no difference in cleaned versus not clearsanplessoon aftercarburization
After storage, howevethe cleaned samples had significantly more darawn colored
rust than the not cleaned samples
Mass measurementand flux calculationdlux was difficult to accurately calculate for oxidized
samples due to thenknown loss of rust during transpotiut was calculated using the area
under the carbon profile curve obtained by OES measuremésitsx for HCF, CCF, and RPO
contaminated samplesan be considered accurate due to good agreement between the
CarbTool, which used the flux calculation, and OES carbon proRNlesignificant differencen
carbon fluxedetween cleaned and not cleaned sampleewever, there was a greater flux in
the rusted samples than the HCF, CCF, RPO, and as normalized samples which could be a result
of a different method of flux calculation
Macrohardness (Rockwell): only varied between 61.4 and 62.80t significant
Microhardness profiles (Vieks): no signifiant difference
Metallography no significant difference between contaminated and rammtaminated samples
or cleaned and nowleaned samples. xgected microstructures of tempered martensite with
aYFftf FY2dzyda 27F NBGLIF AY S Reslwdsiseéehxiensi@arof S+ NJ § KS
carbidenetworkswere found at the cornersof most samples and some samples had small
individual carbides along the edges
Surface carborthe weight percent of carbon was higher than expected on all sample surfaces,
but wasgreater on oxidized samples and not cleaned HCF, CCF, and RPO sdarj#es.
between 0.78 and >1.68 with an average between @&B wt% C.
Carbon profilemost samples except for the more heavily oxidized samples had good agreement
between empirical reults and those predicted using the flux inputted into CarbTool. Within the
precision of the measuring equipment, there was no visible difference between the
representative cleaned and not cleaned samples.
Combined hardness and carbon profilease deptls do not match the anticipated 0.9mm
(0.035 inches), but rather 1-1.5mm. Case depths found usiN@gkers hardnessieasurements
were consistently greater than the other measurements, but case depths found using the OES
empirical profilesand the profilespredictedin CarbTool were comparable.
Retained austenitebetween 11 and 14% RAQ significant difference and no pattern regarding
contaminant or cleanliness level
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& Case deptfCase depth - [Case depth - measurg
Sample Condition |(g/cm2*s)|Cs HRC RA (%) |- HV (hm)*|CarbTool (mm)*{wt% C (mm)**

64 R1-nc 4.394E-06 0.92 61.8 13.2 1.44 1.25 1.28
18R1-c 3.994E-06 0.86 61.6 12.5 1.37 1.19 1.20
91 R2-nc 4.210E-0p 0.86 61.7 14.0 1.39 1.22 1.27
95 R2-c 4.243E-06  0.87 61.8 11.7 1.45 1.23 1.24
53 R3-nc 4.264E-0b 0.86 61.9 12.2 1.49 1.23 1.25
21R3-c 3.789E-0p 0.81 61.7 14.3 1.37 1.15 1.16
98 R4-nc 4.254E-06 1.19 61.7 12.3 1.40 1.23 1.26
100 R4-c 4.372E-0p 2 61.3 11.0 1.37 1.25 1.24
99 R4-c 4.318E-0p 1.12 61.3 14.0 1.47 1.24 1.26
58 HCF-nc 3.986E-06 0.89 61.8 12.6 1.43 1.27 1.28
62 HFC-c 3.985E-06 0.82 61.9 12.9 131 1.27 131
103HFC-c 3.489E-0p 0.78 61.8 11.9 1.18 1.17 1.09
86 CCF-nc 3.877E-06 0.91 62.0 13.3 1.30 1.25 1.26
106 CCF-c 3.807E-06 0.83 59.6 11.9 1.30 1.29 1.20
82 CCF-c 4.061E-06 0.82 62.0 13.7 1.34 1.24 1.25
15RPO-nc 3.899E-06 0.85 61.3 12.1 1.48 1.27 1.25
8 RPO-nc 3.969E-0p 0.84 62.1 13.7 1.44 1.26 1.23
43 RPO-C 3.981E-06 0.93 62.0 13.2 1.30 1.27 1.23
101RPO-c 3.886E-0p 0.82 60.1 11.4 1.27 1.25 1.20
10 as normalize| 4.008E-06 0.85 62.1 12.4 1.34 1.28 122
61 as normalize| 4.019E-0p 0.83 62.2 13.2 1.37 1.28 1.22
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5 Conclusions and recommendations

In the end, heat treatersra responsible for producing cadardened pieces for a paying customer.

From a financial prospective, it would be ideal if cleaning the parts was not necessary, saving the heat
GNBFGAY3T O02YLI ye Of SIFySNI LIJHzNOKI & xtfiekextlaghitc RAa&aLR2 Al €
necessary to perform the cleaning, and time thus allowing for a higher throughput of parts. However,

the quality is not purely based on the quantitative measurements, such as hardness and elemental
analysis, but is also based on the ggrdduct aesthetics. A splotchy discoloration due to a nesldiuid

on a final product making the new part appear used, for example, is undesirable to a customer.

Therefore, this study concluded that the AISI 9310 steel parts do not need to be cleariedtpr

vacuum heat treatmentfi further surfaceprocessing is necessary ifithe surface finishis

unimportant, thus saving the time and expense

It is recommended that this work on the effects of contaminants and cleaning on vacuum carburized
AISI 931GBteel be continued further Aninvestigation should be done about tletensivecarbides,
includingwork onthe network mechanism for formation. Also, this project was unable to quantifiable
identify the level of oxidation needed to deem cleaning thet p@cessary. This should be a point for
further study, along with the mechanism for oxidation removal and the interface between the oxide
layer and the diffusing carbon into the steel. Itis also suggested that the procedure presented in this
research ke duplicated with the oxidized samples except include a mass measurement directly before
and after the carburization process in order to eliminate the uncertainty of weight loss due in transit.
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Appendix 1: Retained austenite calculation program made in Microsoft Excel

Sample 64 R1-nc
Element: a Martensite Atom positions (xyz):
Structure: BCC u 0 0.5 App. 10 - Atomic Scattering Factors
Lattice parameters: a= 2.87 (averaged a &c) v 0 0.5 Sin B/A 0 0.1 0.2 0.3 0.4 0.5
Radiation: Cr W 0 0.5 Fe 26 23.1 18.9 15.6 13.3 11.6
Ao 2.291
Fel, 1.74346
Ao e 1.314054
af 21
W 23.6399
5 5 ~ ~ ~ 5 L ~ ~ ~ -
h k hugtkvHw, hugtkv, i, 20 5in @ sin@/h f a b F e [ p R
o-200 2 o 1 105.63 0.79668817 0.347747 14.50182 12.40182 24.80364 -3E-15 615.2207 0.926 2.796012 ] 17.10176
a-211 2 0 2 155.64 0.9774336 0.426665 12.84669 10.74669 21.49339 -5.3E-15 461.9658 0.886 9.077101 24 159.555
Element: y Austenite Atom positions (xyz):
Structure: FCC u o 0.5 0.5 0 App. 10 - Atomic Scattering Factors
Lattice parameters: a= 3.6 v 0 0.5 0 0.5 Sin 6/A 0 0.1 0.2 0.3 0.4 0.5
Radiation: Cr W 0 0 0.5 0.5 Fe 26 23.1 13.9 15.6 13.3 11.6
Ao 2.291
Fel 174346
Aol My e 1.314054
of 2.1
W 46.656
. R A | - " L) T A | L]
h k hugtkvyHw, hugtkvo+lw, hug+kvaHws hugtkv+hw, 26 Sin 8 Sin8/A 1, f a b F e L-p
y-200 2 o o 1 1 o 79.12 0.636886 0.277995 16.10612 14.00612 56.02449 -6.86383E-15 3138.743 0.955 3.311689
y-220 2 2 o 2 1 1 128.96 0.902435 0.393904 13.4402 11.3402 45.3608 -L.11147E-14 2057.602 0.9 3.976975

Continued on next page.

P

6
12

]

R
27.36182
40.59971



Peak| Peak Il Peak Il Peak IV

Retained Austenite: 1{200)y 1{220)y 1{200)a {211} R{200)y R{220)y R{200)a R{211)o
2077.9 989.94 5541.2 53455.7 27.3618167 40.59971 17.10176 159.555
Cy/Ca
12007  RQ200y Cy
1200a R0« Ca L
1(200)y  R(200)y Cy
= - 0.226671
IQ1)e RQ1)e Ca
1(220)y _ RQ20)y Cy
12000 R(Q200)a Ca 0075253
I(220)y R(220)y Cy
IQIDe R(Q11)e Ca el

(cy/ca),,, 0.15227

Cy 0.132148 Percentage of retained austenite



Appendix 2: Macro -scale pictures comparing pre - and post-carburization

Precarburized samples Postcarburized samples




Precarburized samples Postcarburized samples




Precarburized samples Postcarburized samples




Precarburized samples Postcarburized samples
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Precarurized samples Postcarburized samples
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Precarburized samples Postcarburized samples
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Appendix 3: Microhardness profiles
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Appendix 4: Empirical OES carbon profiles
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Appendix 5: Combined HV, CarbTool,and empirical carbon profiles
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Sample 98 R4nc Sample 99 R4c
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Sample 8 RPGNnc

Sample 43 RPQc
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Appendix 6: Metallography
Sample 98 (RAc)

Sample 99 (R4)
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