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ABSTRACT

The main objective of this study was to compare the carbonitriding and gaseous
ferritic nitrocarburizing processes. The driving force behind this research was to be able
to use these results to determine the potential of ferritic nitrocarburizing as a suitable
replacement to the carbonitriding process currently being used to impart a hard, wear
resistant case on the surface of SAE 1010 steel torque converter pistons.

The carbonitriding and ferritic nitrocarburizing processes were evaluated with
respect to physical, mechanical, and metallurgical properties. The processes were
compared quantitatively using distortion, retained austenite, and residual stress values,
and qualitatively through optical and scanning electron microscopy. All test specimens
were machined from low carbon steel and heat treated according to specified schedules.
While the carbonitrided conditions were similar to those of the current production
schedule, conditions for the nitrocarburized test specimens incorporated a range of
processing times and temperatures.

The results from this study support the use of gaseous ferritic nitrocarburizing as a
means of reducing size and shape distortion in the torque converter pistons. Not only
were distortion values lower after heat treatment, but the lack of retained austenite within
the steel decreases the likelihood of further distortion associated with the delayed
transformation of austenite to martensite. Although these findings do support the use of
the nitrocarburizing process, the presence of tensile stresses measured at the surface of
the pistons warrant the need for additional wear testing. Until such tests are performed, a

change in process to gaseous ferritic nitrocarburizing cannot be endorsed.

v
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L. INTRODUCTION

Carbonitriding is a thermochemical diffusion process which utlhzes the diffusion
of carbon and nitrogen into the surface of austenlzed ferrous metals to impart a hard and
wear resistant case [1-5]. The process significantly enhances the surface properties of
both plain carbon and low alloy steels and is a popular choice amongst manufacturers
particularly in the automotlve 1ndustry, where highly stressed parts such as gears, shafts,

and bearings are often treated using this method [2, 6].

Chrysler LLC currently uses carbonitriding to improve the hardness and wear
resistance of vehicle torque converter pistons. Stamped from sheets of cold-worked SAE
1010 steel, the purpose of a torque converter piston is to engage the converter case to
lock the impellor and turbine, ensuring complete power transfer [7]. While 1010 steel
may be desired for its high formability during stamping, additional processing is required
to enhance the surface properties of the steel [8]. Though the desired surface case is
currently achieved using a carbonitriding process, there are issues associated with the
quenching step to form martensite, particularly the changes to the final size and shape of
the part. Given the close fitting nature of the torque converter assembly, dimensional
control of the pistons is important. Schobesberger, Streng, and Abbas [8] note that the
accuracy of the inner diameter, flatness, and the taper of the lockup surface of the piston
are essential and critical for the torque converter to perform properly. As such, it is

necessary that any part distortion associated with the heat treatment process be corrected.

Currently at the Toldeo Machining Plant (TMP), Toledo, Ohio U.S.A. where the
torque converter pistons are manufactured, the size and shape distortions resulting from
heat treatment are corrected using finish grinding, a technique in which excess material is
removed from the surface of the steel [9]. While this method ensures that dimensional
specifications are met, the added manufacturing step contributes to longer production
times and higher part costs; it also raises the risk of grind burns. Since the likelihood of

these burns is increased by the presence of retained austenite at the surface of the steel
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[2], grind burns are a common, reoccurring defect in the carbonitrided pistons. For this
reason, gaseous ferritic nitrocarburizing is being investigated as potential replacement.
Similérly to carbdnitriding, nitrocarbﬁrizing 1s also a ‘therfnochemical diffusion process
| involving’the diffusion of éarbon and nitrogén into the:surface of the Steel forming a hard,
wear resistant case. However, unlike the carbonitriding process, nitrocarburizing takes
place in the absence of a phase transformation [2, 3, 10, 11]. By eliminating the austenite
to martensite phase transformation that occurs during quenching, it is believed that
ferritic nitrocarburizing will reduce the distortion associated with heat treatment and

result in time and cost savings from the elimination of additional machining steps.

The aim of this research project was to compare the carbonitriding and gaseous
ferritic nitrocarburizing processes with respect to distortion, retained austenite, and
residual stress. The results of this study are then intended to be used as a guide in the
selection of a suitable heat treatment schedule for the torque converter pistons allowing
the manufacturer to minimize size and shape distortions while continuing to achieve the

desired surface characteristics.

The approach to this investigation involved the use of two test specimens, the
Navy C-ring and current production torque converter piston. Navy C-ring specimens
were used for preliminary comparisons; the distortion, volume of retained austenite, and
residual stress profiles were evaluated for each process. Because these initial results
indicated the potential benefit of ferritic nitrocarburizing in lowering part distortion, a
second, more thorough round of testing followed in which the torque converter pistons
were used. In addition to comparing the processes with respects to distortion, retained
austenite, and residual stress, the nitrocarburized pistons were divided into five separate
heat treatment groups with process temperatures ranging from 510-605 °C. The strategy
of comparing the current carbonitriding process to a range of nitrocarburizing
temperatures was employed in order to be able to suggest a heat treatment process and
temperature range that would allow manufacturers to minimize distortion, reduce

manufacturing costs, and continue to achieve desired surface characteristics.



II. LITERATURE REVIEW

The following literature review addresses all major aspects of this thesis topic. Much
of this discussion is centered on the torque converter pistons including their function in
the torque converter, their fabrication, and their need for additional processing in the
form of surface heat treatment. The current carbonitriding process is outlined as well as
the issues associated with it and the need for investigation into gaseous ferritic
nitrocarburizing. Many of the major effects of these surface heat treatment processes are
also discussed, including the changes in size and shape distortion, residual stress, and

retained austenite.

2.1 Automotive Torque Converter Pistons
2.1.1 Function

A torque converter piston, Figure 2.1a, is a thin-shelled automotive powertrain
component located within the torque converter of an automatic transmission. The purpose
of a torque converter is similar to that of a clutch in a manual transmission, i.e., it allows
for separation between the engine and transmission and is used for the purpose of torque
transfer. A torque converter consists of three main components, namely the pump
impeller, the turbine runner, and the stator, Figure 2.2. When the impeller and turbine are
rotating at similar speeds, torque is transmitted at a ratio of 1:1. While it is expected that
100% of the torque is transmitted, differences in rotational speed between the impeller
and turbine result in unnecessary energy losses of approximately 4-5%. A torque
converter piston and lock-up clutch mechanism are used to correct this problem. The
piston engages the converter case to lock the impellor and turbine. By engaging the lock-
up clutch, not only is 100% of the power transferred, but also vehicle fuel consumption is
reduced [7].

2.1.2 Fabrication
Torque converter pistons are manufactured from 3-mm thick sheets of cold-

worked SAE 1010 steel. Beginning as circular blanks, the pistons are formed using a

successive five-stage stamping operation, Figure 2.3.
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Figure 2.1 Top view of the torque converter piston and spring retainer ring. (a) Torque converter
piston; nominal OD of 261.3 mm; (b) spring retainer ring.
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Figure 2.2 Schematic diagram of an automotive transmission highlighting the major components of
the torque converter assembly including the stator, impeller, turbine, spring retainer ring, and
torque converter piston. Courtesy of Chrysler LLC, Auburn Hills, Michigan U.S.A.



Figure 2.3 Five stage stamping operation of a torque converter piston. (a) Piston blank, (b) piston at
stamping stage 1, (c) at stamping stage 2, (d) at stamping stage 3, () at stamping stage 4, and (f) at
stamping stage 5.



The current heat treatment schedule for the torque converter pistons is a three-step
process involving a heat treatment, polymer press quench, and temper. Following a pre-
cleaning step to remove surface contaminants, the pistons are fed into an 895 °C (1640
°F) rotary hearth furnace for 55 min. They are then removed from the furnace and
immediately press quenched for 25 s in Aqua-Quench 140, a water-based quench
medium maintained at a concentration of 9-11% and a temperature of 50 °C (120 °F).
The pistons are then drained, washed, and dried prior to tempering at 175 °C (350 °F).
After 1 h, the pistons are removed from the furnace and transferred to a cooling station
where they are cooled to ambient temperature. To remove the oxide scale formed during
heat treatment, the surface of the pistons is cleaned using a sand blasting operation lasting
10-12 min. In the final step prior to assembly, the inside diameter (ID) of pistons is
machined, using grinding, to ensure the final dimensions are met.

During assembly, each piston is joined together with a spring retainer ring, Figure
2.1b, and fastened using rivets. Figure 2.4 shows the assembled unit. In the final stages of
production, the assembly undergoes two more quality inspections: ID gauging and mass

balancing.

Figure 2.4 Torque converter piston assembly (left) showing the attachment of the piston and spring
retainer ring using rivets (right).



2.1.3 Low Carbon Steel and the Importance of Surface Heat Treatment
AISI/SAE 1010 steel is a popular choice amongst manufacturers in high volume

stamping operations for its ease of formability [4, 12] and its low tooling and raw-
material costs [8]. While such properties make AISI/SAE 1010 steel desirable for

stamping, additional processing is required to enhance the surface properties of the steel

[8].

2.2 Surface Hardening of Steel
Surface hardening as defined by Krauss {3, 13] is a method of heat treatment used

to extend the versatility of certain steels by producing combinations of properties not
readily attainable in other ways. It is a means of improving hardness and wear resistance
at the surface of the steel while continuing to maintain its core properties [14]. There are
two distinct approaches to surface hardening - layer additions and substrate treatments.
While layering involves the addition of a new layer to the surface of the steel, substrate
treatments involve surface and subsurface modifications without any intentional build-up.
Substrate treatments encompass both selective hardening and diffusion methods, the later
of which will be the focus of this study [14]. Carbonitriding and gaseous ferritic
nitrocarburizing are both thermochemical diffusion processes which utilize the diffusion
of carbon and nitrogen into the surface of the steel to form a hard, wear resistant case [1-

5,10, 11, 13].

2.2.1 Carbonitriding
Carbonitriding is a widely accepted method of surface heat treatment used by

industry in the production of highly stressed parts [6]. The process, which takes place
between 705 and 900 °C (1300 and 1650 °F) [3, 13], is a modified form of carburizing [2,
5, 15, 16] that incorporates the addition of ammonia (NH3) into the standard gas-
carburizing atmosphere [2, 5, 16]. Ferrous metals are heated into the austenitic phase
field of the steel. It is at this point that that the NHj3 and carburizing gases are introduced;
the NHj dissociates at the surface of the steel and both the carbon and nitrogen diffuse
into the workpiece [2, 3, 5, 13,16, 17].

Upon quenching from the austenitic phase field, a hard, wear resistant martensitic
case is formed, Figure 2.5; cases range in thickness from 0.075 mm to a maximum of
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0.75 mm [3, 13, 17]. The preferred case depth of carbonitrided steels is generally
governed by the core hardness and surface requirements of the component [1]. By
controlhng processing Varlables such as time and temperature manufacturers can
" ‘ cons1stently achieve desired unlforrmty and case thickness {1].

While the carbonitriding process is successful in achieving the desired surface
properties required by the manufacturer of the torque converter pistons, the process is
also associated with part distortion. Though distortion in carbonitrided steels is low in
comparison to other higher temperature processes, e.g. carburizing [16], the changes in
the size and shape of the pistons have resulted in added processing time and
manufacturing costs. The cause of this problem is believed to be associated with the
quenching step. Because carbonitriding takes place in the austenitic phase field, upon
quenching the microstructure of the steel changes to that of martensite, defined by Smith
[4] as a metastable structure consisting of supersaturated solid solution of carbon in a
ferrite. Accompanying this phase change is a volume expansion of the microstructure;
face-centered cubic austenite is transformed to the more open, body-centered structures
of ferrite and martensite [17].

Because of the problems associated with distortion in carbonitrided steels,
alternative processes were investigated; gaseous ferritic nitrocarburizing was selected as a
potential replacement. The process utilizes similar hardening species as carbonitriding,
and more importantly, it takes place below the Ac; temperature thus minimizing

distortion [3, 17].
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Figure 2.5 Comparison between the carbonitriding and nitrocarburizing processes [18].
2.2.2 Gaseous Ferritic Nitrocarburizing

Gaseous ferritic nitrocarburizing was first established and patented in 1961 by
Lucas Ltd. [18, 19] and can be defined as a thermochemical treatment involving the
surface enrichment of a ferrous object with nitrogen and carbon where enrichment by
nitrogen is predominant [18]. The process is a low temperature substrate treatment that
takes place in the ferritic phase field of the steel between temperatures of 525 and 650 °C
(975 and 1200 °F) [20]. Carbon and nitrogen diffuse into the solid solution of iron and
become trapped within the interstitial lattice spaces of the steel [2, 3, 10, 11, 13, 20]. The
result is the formation of a compound layer and diffusion zone [2, 10], Figure 2.5. The
compound layer, also known as the white layer contains varying amounts of gamma
prime phase (y’), epsilon (g) iron-carbonitride phase, cementite, and various alloy
carbides and nitrides [2, 11]. It forms a thin layer between 10 - 40 pm (0.0004 — 0.0016
in. ) on the surface of the steel [2] and is associated with such attractive tribological
properties as improved hardness, wear, scuffing and corrosion resistance [20]. The
underlying diffusion zone consists of iron (and alloy) nitrides and absorbed nitrogen [2]
and is associated with improved fatigue properties, particularly in carbon and low alloy

steels [2].



Formation of the Compound Layer:
Although the formation of the compound layer begins with the nucleation of

cementite [21], the main constituent is & iron-carbonitride (Fe,3(N,C)), a hexagonal
ternary compound of iron, nitrogen, and carbon formed at temperatures between 450 and
590 °C (840 and 1095 °F) [2, 3, 13, 17]. This e-phase easily nucleates on the cementite
forming a thin, continuous layer along the surface of the steel [21]. The presence of
cementite and y’ phase are also possible. While the cementite developed in the early
stages of the nitrocarburizing process is dissolved if the carbon activity is low, high
carbon activity wil-l’resuit in the prés”ence of cementite at some distance from the surface
[21]. The y’¥nitride will appear in the compound layer adjacent to the diffusion zone, but
only after the formation of the é—phase. The initial intake of carbon into the compound
layer of the steel is responsible for this delay. Since the maximum solubility of carbon in
v’ is low, the formation of the y’ only appears after prolonged heat treatment when the

carbon has diffused deeper into the steel [21].

Braunite:
Braunite is a eutectoid compound formed in nitrided and nitrocarburized steels as

a result of the slow cooling of austenite from treatment temperatures above 590 °C.
During cooling, the austenite transforms to a special microstructure of ferrite and y’-
nitride (Fe4N) [22] shown in Figure 2.6. Normally at process temperatures below 590 °C,
the y’-nitride is present in the form of needles in a ferrite matrix. However, as process
temperatures rise to 500 °C, these needles begin to dissolve and by 590 °C have
completely decomposed [23]. The name Braunite was given to this special eutectoid in
honour of Braun, who in 1905 established the possibility of iron reacting with ammonia

[23, 24].
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Figure 2.6 Braunite (St 37, nitrided at 640 °C for 16 h) [22].
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Distortion in Nitrocarburized Steel:

Minimal distortion is one of the major advantages of the nitrocarburizing process.
The process takes place in the absence of a phase transformation, thus ensuring good
control of distortion. Since the nitrogen and carbon are added to the steel at temperatures
below the Ac), the phase transformation from austenite to martensite does not occur and
part distortion is significantly reduced in comparison to the carbonitriding process.
Rockwell International, manufacturers of the seat sliders in the executive Renault R25,
chose the Nitrotec process to impart a hard, wear resistant case on the surface of their seat
slides and roller tracks [18]. Originally the seat slides, made from low carbon steel, were
simply painted, however issues with indentations in the track where caused by the
hardened steel ball used to traverse the slide. While the indentation was not a problem for
manually adjusted seats, it had a marked influence on those which where adjusted
electronically calling for changes in the manufacturing process. Because the profile of the
slide and roller track was critical, other heat treatment techniques such as carburizing and
carbonitriding were avoided because of the unacceptable levels of distortion. Using
nitrocarburizing, the manufacturer was able to obtain resistance to indentation, increased

yield strength, as well as improved surface wear and corrosion resistance [18].

2.3 Distortion
Distortion is the unexpected or inconsistent change in size or shape caused by

variations in the manufacturing process conditions such as the relief of residual stresses,
material movement due to thermal gradients, and the volume changes associated with
phase transformations [9]. As it relates to heat treatment, distortion is defined by Pye [25]
as the movement of metal during [the] heat treatment process, which can take place at

any one of the five manufacturing stages listed below [9].

Prior to heat treatment

During heat-up for heat treatment

At treatment temperature (i.e. carbonitirding, nitrocarburizing)
During quenching and cooling

During postquenching processing

NhA W=
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2.3.1 Size Distortion
Size distortion is the change in the volume and linear dimensions of a part, Figure

2.7, that includes such dimensional changes as elongation, shrinkage, thickening, and
thinning [20, 25-27, 28]. It occurs due to the thermal expansion or contraction of the
microstructure and is the direct result of changing surface chemistry within the steel [17,
25]. Because it is associated with microstructural changes, size distortion is somewhat
predictable and can often be accommodated for at the design stage [17, 29].

During the carbonitriding process, volume expansion is expected; changes in part size
are associated with the phase transformation of the steel from austenite to martensite
upon quenching [17]. The extent of this expansion is a function of carbon content. The
size change associated with the microstructural transformation of austenite to martensite
can be approximated using the equations for percent volume and dimensional change
shown in Table 2.1.

Because the nitrocarburizing process takes place in the absence of a phase
transformation, size distortion is believed to be associated with the thermochemical
treatment process itself [30]. As the hardening species of nitrogen and carbon enter the
steel, a notable volume expansion takes place due to the growth, and a change in size is

reported [25].

Table 2.1 Size changes associated with microstructual changes in carbon steels from austenite to
martensite [17].

Transformation Volume Change (%) Dimensional Change (mm/mm)

Austenite — martensite 4.64 - 0.53 x (%C) 0.0155 - 0.0018 x (%C)

13



2.3.2 Shape Distortion
. Shape distortion is the change in the geometrical form of a part, encompassing all

twisting, bending, warpage, out of round, and other non-symmetrical changes that affect
curvature and angular relation, Figure 2.7 (9, 20, 25-27].

‘According to Krauss-[17], shape distortion is caused by nonuniform thermal and
transformation stresses due to temperature variations throughout parts of complicated
shape or parts with large differences in section size. The larger the variation or
nonuniformity within the part, the more prone it will be to the development of residual
stresses [17]. Some of the factors influencing the development of residual stresses
include: thermal gradients, nonuniform changes in metallurgical structure, nonuniform or
high rates of quenching, and nonuniformity in the metal composition [17, 26].

Shape distortion can also be linked to the release of induced stresses developed
during previous manufacturing operations [25]. When the workpiece is heated to a
temperature where the yield strength of the material is below the residual stress level,
these induced stresses are relieved and expressed as changes in the shape of the part [9,
25]. Because of the complexities associated with shape distortion, it is often more

difficult to predict than size distortion and poses more of a concern during heat treatment.

Size Distortion Shape Distortion
Before Heated to Austenite Quenched to Before After Hardening
Hardening (volume contraction) Martensite Hardening

(volume expansion)

Figure 2.7 Size and shape distortion in hardening [26].
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2.3.3 Issues with Distortion in Manufacturing
Distortion in heat treated steel parts is inevitable regardless of the process used

[25]. While manufacturers generally expect some distortion as a result of heat treatment,
there are instances in which th(: deformation is so severe that parts are distorted beyond
permissible limits: rgn-déring them useless for their intended application. Under such
circumstances, the manufacturer has the option of scrapping the part entirely or taking the
necessary steps to correct the distortion [27]. The issue with each of these options is that

they contribute to increased production costs.

2.3.4 Correcting Distortion Though Metal Grinding
Metal grinding is a finishing method used to the correct the dimensional changes

associated with thermal processing by the removal of excess material from the surface of
the steel [9, 31]. Although proper grinding has been shown to improve the residual
stresses and fatigue strength of the workpiece [6], there are several drawbacks to using
this technique including the risk that effective regions of the case will be removed.
Excessive material removal, Figure 2.8, can lead to lack of uniformity in case depth,
uneven residual stresses, reduced mechanical strength, and the increased probability of
checking, cracking, and grind burns [2, 9]. Because the likelihood of these burns is
increased by the presence of retained austenite, which is maximum at the surface of the
steel [2], grind burns are a common, reoccurring defect in carbonitrided pistons, Figure

2.9.

Hire betore irsimem et Tanti
ST st Treatmerd Distentinn

o Gee belorg
Heat Troglaen

Figure 2.8 Schematic of material ground from a distorted gear tooth after case hardening treatment
[9, 32].
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Figure 2.9 Grind burn on the lockup surface of a carbonitrided torque converter piston. Defect can
be detected visually (left) and through use of a coordinate measuring machine (CMM) flatness scan
of the surface (right).

2.3.5 Measurement of Distortion
Numerous test specimens [33] have been developed that allow researchers to study the
effects of heat treatment on distortion. They range from simple to complex; they can be
as basic as a cylindrical bar or spherical ball, or in some cases involve the use of the
production part itself. The Navy C-ring, Figure 2.10, is a common test specimen used to
understand distortion. As one of the oldest standards used to evaluate quench distortion
[9, 34], the use of Navy C-rings can be traced back to 1921 when they were utilized by
the US Navy in the inspection of class 5 tool steels [35].

Prior to the development of highly sensitive measurement instruments, distortion
in Navy C-rings was measured by the changes in gap width and outside diameter [34,
35]. Today, with the use of highly accurate coordinate measuring machines (CMM),
researchers are able to study both size and shape changes at various locations on the C-
ring. The system uses an X-Y-Z coordinate system. The test specimen is placed on a
worktable, and a small probe is used to locate points of interest along the surface. In
advanced systems, the probe can scan the surface taking measurements at specified
intervals, a technology which benefited this study because it allowed for the evaluation of
more complicated measurements including flatness, roundness, cylindricity, and taper.

Navy C-rings continue to be an important tool in studying distortion [30, 35-39].
There are currently no standard dimensions for the Navy C-ring. Specimens are

fabricated from the desired testing material and machined into a variety of sizes [33, 34];
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variations in shape such as the modified Navy C-ring [39], shown in Figure 2.10b, also

exist.
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Figure 2.10 Navy C-rings. (a) Example of a Navy C-ring test specimen used in a quench distortion
study. (b) Modified Navy C-ring distortion test specimen [9, 39].
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2.4 Retained Austenite
Retained austenite as defined by Jatczak [40] is a face-centered cubic phase

which in hardenable steels, is stable at temperatures above the Acz and Ac,, phase
boundaries, but is unstable below these temperatures. Upon cooling, the austenite
decomposes into any one of the following phases: ferrite, carbide, pearlite, bainite, or
martensite [40, 41]. When dealing with the hardening of steel, the formation of martensite
is desirable. By rapidly cooling the steel in a quenching medium, the diffusion of carbon
and alloying elements is prevented [40] and a saturated solid solution of martensite is
formed instead. The formation of martensite begins at a characteristic start temperature
called martensite start (M) and continues until essentially 100% transformation is
complete, a temperature known as the martensite finish (My) [40, 42]. It is very common
that a certain amount of untransformed austenite, also known as retained austenite, will
be present at the My temperature.

The volume of retained austenite measured at room temperature can range from
100% to virtually zero [41]. Factors affecting retained austenite content include the
chemical composition, the temperature of the quenchant, and the rate of cooling [40]. The
influences of composition and cooling temperature have been quantitatively established

by Koisten and Marburger [40, 43], and are given in Equation 2.1.
G R.A. = ¢ VI M) Equation 2.1

where Ty is the lowest temperature reached in quenching; M is the martensite start
temperature either measured or calculated using Equation 2.2.

M, (°C) = 500 — (333 x %C) — (34 x %Mn) — (35 x %V) — (20 x %Cr) — (17 x %Ni)
— (11 x %Mo) — (10 x %Cu)— (5 x %W) + (15 x % Co) + (30 x %Al) + (0 X %Si)

Equation 2.2
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Of all the alloying elements, carbon promotes the greatest retention of retained
austenite [40, 42]. In Fe-C alloys retained austenite has been reported in steels containing
as little as 0.3% C [17]. For plain carbon and low alloy steels, a carbon content of at least
0.4% 1is required [4, 40]. Figure 2.11 shows the effect of dissolved carbon on the retained

austenite content in quenched Fe-C alloys at room temperature.

BCo5 ROBERTS
& THIS BTUDY

L
L5
¥

30+

Z5

VOLUME PERCENT RETAINED AUSTENITE

o M ; - :
ks 2 004 LR ) &8 L0 12 L4 i
WEIGHT PERCENT CARBOM

Fes

Figure 2.11 Retained austenite in quenched Fe-C alloys at room temperature as function of carbon
content [4].
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2.4. 1. Effects of Retained Austenite
The presence of retained austenite can have both positive and negative effects on

the properties and characteristics of steel.

Positive Attributes of Retained Austenite [40]:
e Improvements in contact, impact, and bending fatigue resistance in high carbon

steels
e Enhanced corrosion resistance in martensitic steels
e Increased ductility and fracture toughness at high strength levels in maraging, trip,

and high strength steels Enhanced corrosion resistance in martensitic steels

Negative Attributes of Retained Austenite [2, 17, 40, 44]:
e Decreased aggregate hardness, resistance to scuffing, and indentation

e Reduced aggregate compressive yield and ultimate strength
e Increased susceptibility to burns and heat checking during grinding

e Undesired dimensional growth

2.4.2 Minimizing Retained Austenite
Cryogenic Treatments:

Because My temperatures can be far below room temperature, there generally
exists a considerable quantity of retained austenite in steels at ambient temperatures [17,
40, 45]. Such is the case even for low carbon steels. As the carbon content increases, Mg
values can drop to temperatures below 0 °C making the complete transformation to
martensite under normal quenching conditions near impossible, Figure 2.12. A significant
reduction in the amount of retained austenite requires the steel to be quenched to sub-zero
temperatures near or below the My temperature [1, 46]. Cryogenic treatments have been

shown to reduce the retained austenite content in steel to as little as 1 vol%. Reducing the

amount of retained austenite is associated with increasing hardness, wear resistance, and

dimensional stability of the workpiece and decreasing susceptibility to grind burns [2, 45]
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Figure 2.12 Martensitic start (Ms) and martensitic finish (Mf) temperatures versus carbon content in
unalloyed steels [45].

Reducing Retained Austenite in Carbonitrided Steels:

The martensitic case formed in carbonitrided steels usually contains some
quantity of retained austenite. In most cases, because of the absorption of nitrogen, levels
of retained austenite are higher in carbonitrided steels than carburized steels of similar
carbon content. While retained austenite at the surface can be removed by grinding or
transformed to martensite using cryogenic treatments, its presence can be avoided
through modifications to the process itself by lowering the carbon potential, increasing
the furnace temperature, or restricting the ammonia content to the minimum amount
required to obtain the desired hardenability. It is important that the nitrogen at the surface
be controlled. Increasing furnace temperature allows the nitrogen to diffuse farther into
the case and away from the surface, while controlling ammonia content helps to decrease

the rate of nitrogen penetration [1, 2].
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2.4.3 Measurement of Retained Austenite Using X-ray Diffraction
The presence of retained austenite in steels can be measured using metallographic,

dilatometric, saturation magnetization intensity, electrical resistivity, and thermal analysis
methods [40, 47]. While these methods are able to provide reasonable results under
favourable conditions, they are inaccurate in measuring retained austenite levels below
10% [47, 48] and are often unreliable when dealing with highly alloyed steels or those
with large quantities of carbide [47].

X-ray diffraction (XRD) is a non-destructive technique that can be used to
measure retained austenite quantities to a far greater accuracy than the techniques listed
above. Beu, Beard, and Ogilvie have reported that measurements could be made in steels
containing as little as 2% retained austenite [40, 47]. Dumin and Ridal reported an
accuracy of +0.5% for measurements between 1.5 - 38.0% retained austenite [47].
Improving the accuracy beyond +0.5% is a more time consuming process, requiring an
increase in the number of individual determinations and the time taken for each
measurement [47, 49].

When a crystalline substance is irradiated by x-rays, it produces a characteristic
diffraction pattern which is determined by the crystal structure of all phases existing
within that substance [40]. From these diffraction patterns, peaks of varying heights are
located at discrete 20 angles and correspond to the diffraction of the x-rays from the
various (hkl) planes in the crystal structure of each phase [50]. For as-hardened and
tempered steel, x-ray radiation from Cr, monochromated Cu, or Mo is used [40], and
intensities diffracted from the austenite and martensite planes are measured and recorded
[49]. For Cr radiation, common diffraction lines are (200) and (211) for martensite and
(200) and (220) for austenite [40]. Quantitative determination of the relative volume
fractions of martensite and austenite can be made from diffraction results because the x-
ray intensity diffracted from each of these phases is proportional to the volume fraction of
the phase [40]. In randomly orientated specimens, the measurement of integrated
intensity of just one line pair of austenite and martensite will accurately establish the
volume fraction of each phase [40]. In preferred orientated specimens, such as cold
worked steel, the intensities diffracted by austenite and martensite with certain

orientations in relation to the surface no longer truly represent the amount of the two
22



phases [49]. When dealing with preferred orientation, measurements must be made on at
least four austenite and four martensite lines to provide accurate results by averaging
[40].

For the diffraction peaks, the integrated intensities above the background are
* determined using a planimeter; I represents the austenite line and Iy represents the
martensite line. Typically, as-hardened and tempered steels usually have low preferred
orientation and can often be determined using only a one line pair comparison [40].
Equation 2.3 is used to determine the volume of retained austenite in steel which exhibits

no, low, or preferred orientation [40, 49]:

hkl

I A

hkl

A hkl hkl
™ e

+ +
R R R,

Equation 2.3

™ is the integrated intensity per unit length of the diffraction line (hkl) for a given phase,
R™ js proportional to the integrated intensity which should be diffracted by a specific
(hkl) reflection, when 100% of that phase exists and no preferred orientation is present,
and I¢/Ir is the corrected intensity ratio for a carbide line. C, A, and M represent the
carbide, austenite, and martensite phases in the steel, respectively.

While the errors associated with XRD are generally very small, there are certain
corrective actions laboratories must make to ensure the accuracy of their results.
Measuring retained austenite in thin surface layers requires that the penetration of the X-
ray beam be adjusted. It is recommended that measuring several pairs of lines can help to
confirm the original value, uncover errors in observations and calculations, and determine

the presence of preferred orientation [40].
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2.5 Residual Stress
As defined by Grum [51], residual stresses are the stresses present in a material or a

workpiece when there is no external force and/or external moment acting upon it. For
‘heat treated components, a residual stress will arise as a consequence of thermal and
“transformation- stresses. If the sum-of these stresses exceeds the yield strength of the

- material plastic deformation in the form of size and shape distortions will occur [52].

Thermal Stresses:
Thermal stresses develop as a result of temperature gradients in the workpiece,

and are especially likely if uniform heating/cooling cannot be ensured. If one part of the
workpiece is hotter/cooler than the other, the rate of expansion/contraction will vary,
thereby causing thermal stresses to develop [52-54]. In heat treatment, quenching
processes usually produce the largest temperature gradients across the section, and hence
the greatest residual stresses [45].

Thermal stresses are influenced by the thermal conductivity, modulus of
elasticity, and the coefficient of thermal expansion of the material [52]. While copper and
aluminum are excellent thermal conductors, metal such as steel have lower thermal
conductivity values and therefore are susceptible to developing the high temperature
gradients associated with thermal stresses [52]. Equation 2.4 can be used to approximate
the thermal stresses developed in a constraincd part due to temperature differences upon
cooling [52]:

o =E.-o AT Equation 2.4

thermal

In this equation, Gpema 1S the thermal stress, E is the modulus of elasticity, a is the
coefficient of thermal expansion, and AT is the temperature difference.

24



Transformation Stresses:

If transformation stresses occur, the residual stress pattern becomes even more
complicated and less predictable [55]. Transformation stresses are developed as a result
of structural changes in the material [52] and are common in high temperature heat
treatment - processes. Any phase transformation that causes a change in volume will
produce or modify the residual stress state in a material [54]. Thermal stresses are
dependent on three factors: transformation characteristics, cooling rate, and section size
[52]. For steels, the development of stresses is common during quenching. The
decomposition of austenite to martensite results in a volume expansion of the

microstructure, which in turn causes the development of residual stresses [52, 53, 55].

2.5.1 Residual Stresses in Surface Hardened Steels
Compressive residual stresses in the surface layer are advantageous because they

enhance the overall surface quality of the steel by improving fatigue, stress corrosion,
hydrogen embrittlement [54], as well as preventing the occurrence of new cracks and

possible propagation of old ones [53].

Residual Stresses in Carbonitrided Steels:
For carbonitriding, the favourable compressive stresses developed between the

case and the core can be used to enhance surface properties of the steel including wear
and fatigue resistance [1]. In carbonitrided steels, compressive residual stresses are
developed at the surface because the transformation of the core precedes that of the case.
When plain carbon steels are quenched, the core is transformed to a combination of
ferrite and pearlite. Because of the high carbon and nitrogen contents at the surface, the
transformation of the case to form martensite takes place at much lower temperatures.
Because the core has already transformed, the expansion associated with the formation of
martensite results in the presence of desired compressive residual stresses at the surface

[52].
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Residual Stresses in Nitrocarburized Steels:

An understanding of the residual stresses developed in nitrocarburized steels,
however, is far more complicated; the stresses in the compound layer, the substrate, and
the interface between the two must be considered [56].

Very little data exists on residual stresses in nitrocarburized parts. Technical
difficulties, even with XRD methods, make it difficult to determine the residual stresses
in the compound layer [56]. While it is generally agreed that tensile stresses are present
within the € compound layer [56], the compressive stresses associated with the diffusion
layer play a more important role in the residual stress state of the steel [56] because they
contribute to an improvement in fatigue strength [27].

The role of residual stresses in the compound layer continues to be debated. While
some experimental results indicate that it is of less importance, others have concluded
that removal of the compound layer would virtually eliminate the compressive residual

stresses [56].

2.5.2 Measurement of Residual Stresses
While residual stresses can be determined by means of ultrasonic, magnetic,

mechanical, and XRD methods [54], measurement using XRD has become increasingly
popular since it was first used by Aborn at U.S. Steel Co. [57].

XRD is non-destructive method of determining the residual stresses in crystalline
materials [33], particularly metals and their alloys. The crystalline sample is irradiated
with X-rays and the angle of incidence (0) of the beam within the sample is measured.
Using the diffracted angle (20) measured experimentally, and the wavelength of the x-
rays, Bragg’s Law, Equation 2.5, can be applied to calculate the interplanar spacing (d-
spacing) between the crystallographic planes [33, 54, 57 58]. An illustration of Bragg’s

angle is shown in Figure 2.13.

nA =2dsin 6
Equation 2.5

In this equation n is an interger equal to the order of reflection. For stress work, the value
of n is usually unity.
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Figure 2.13 Illustration of the Bragg relation [33, 54].

The presence of residual stresses in the material produces a shift in the x-ray
diffraction peak measured by the detector and a perturbation of d-spacing; the d-spacing
increases when the material is in tension and decreases when it is in compression [57,
58]. Because the spacing between the planes is so small, it is affected by both macro and
micro stresses both of which are measured using the x-ray method [57]. Once the d-
spacing is measured for the stressed (d) and unstressed conditions (d,), Equation 2.6 is

then used to calculate strain (g) [58].

E=— Equation 2.6

There are a number of methods for calculating residual stress from the diffraction
data. The most common is the sin*y method, in which the surface of the crystallographic
sample is irradiated and changes in the diffraction angle (y) pattern are related to the
interplanar spacing (d) and thus to strain (¢) [33]. A number of d-spacings are measured
and stresses are calculated from an equation derived from Hooke’s law for isotropic,
homogeneous, fine grain materials [59-60]. The stress-strain relationship is given by
Equation 2.7 [58-60]. The definition of the reference axes and the direction of

measurement are presented in Figure 2.14.
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In these equations, ¥2 S; and S; are the x-ray elastic parameters of the material replacing
the mechanical parameters (1+v)/E and v/E, respectively; o, is the stress in the direction
of the measurements; y is the angle subtended by the bisector of the incident and
diffracted beam and the surface normal; and &gy, is the strain for a given @y [59,60].

}1 ¥ Normal o
~_/ hki plane

6 ' \Dir&ctian of
dMeasurement

Figure 2.14 Definition of the axis and the direction of measurement [59,60].

Evaluation of the stress tensor components oj is generally straightforward and is
normally carried out by plotting the measured d-spacing versus sin®y, with careful
selection of the measurement directions y and ¢. A variety of mathematical models and
measurement approaches have been proposed to evaluate stress-tensor components of
interest [60]. The data can be categorized as follows: linear, elliptical with y-splitting,
and non-linear with oscillatory behaviour [60]. In general a minimum of five v tilts are
required for a reasonable assessment of shape of the d-spacing versus sin®y curve;

however, it is recommended that more than five tilts be used as a general practice [60].
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Because there is often variation in the residual stress state at the surface and
subsurface of a workpiece, techniques have been developed to allow for the measurement
of residual stress profiles. Because of the limited depth of penetration of the x-rays, it is
necessary that-electropolishing techniques be used to etch back from the surface in
controlled increments. Since the removal of the stress layers will cause relaxation due to
equilibrium disturbance, measurement results must be corrected for this effect [59]. Other
possible sources of X-ray measurement errors include: error in peak position, stress relief

by aging, and sample anisotropy [33, 61].
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III. EXPERIMENTAL DETAILS

3.1 Overview

Figure 3.1 shows the test methodology used to compare the carbonitriding and
gaseous ferritic nitrocarburizing processes. Evaluations were made with respect to size
and shape distortions, percent volume of retained austenite, and residual stress profiles.
Two different test specimens, the Navy C-ring and torque converter piston, were used.

Navy C-ring specimens were used in the preliminary comparisons between the
carbonitriding and nitrocarburizing processes; distortion, retained austenite, and residual
stress values were compared. Similar assessments were also made for the torque
converter pistons with the added emphasis of studying the effects of treatment
temperature on the surface characteristics of nitrocarburized SAE 1010 steel. In addition
to the C-rings and pistons, SAE 1010 steel coupons were also used and designed to study
the growth direction of the nitrocarburized case.

Results for the C-rings, pistons, and coupons were analyzed and used to
recommend a suitable heat treatment schedule (process, temperature, and time), which
will yield lower part distortion while meeting the manufacturer’s standard for a high

quality surface layer.

Nitrocarburizing (8h @ | 565°C)
-+ Nitrogen cool (370°C)
Air cool (Rnom 1emperaiure)

Navy C-Rings |

(20 samples)

1 Carbnmndmg (PC) _

Nitr Qcarbunzmg (PN)"Z:
. (80 samples) .

Figure 3.1 Testing methodology.
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3.2 Test Specimens
Navy C-rings: , L .

Initial comparisons between the carbonitriding and gaseous ferritic nitrocarburizing
proceéses were made using the Navy C-ring (NCR) specimen shown in Figure 3.2.
Twenty C-rings where machined from a bar stock of hot-rolled SAE 1020 steel; the
composition of the steel is given in>Table 3.1. The specimens were divided into two

groups:

e NCR-C — 10 Navy C-ring specimens, carbonitrided
e NCR-N — 10 Navy C-ring specimens, nitrocarburized

Torque Converter Pistons:

The torque converter pistons, shown in Figure 2.1, were manufactured using SAE
1010 steel; the nominal composition of the steel is given in Table 3.2. Pistons were
fabricated from 3-mm sheets of cold-worked steel at the Toledo Machining Plant (TMP)
by means of a five-stage stamping operation. In total, fifty un-treated pistons were

collected and divided into two separate heat treatment groups:

e PC— 3 torque converter pistons, carbonitrided
e PN— 50 torque converter pistons, nitrocarburized

Table 3.1 Chemical composition of AISI 1019/1021 steel.

Chemical Composition, %

Type of Steel C Si S P Mn Ni Cr Mo

AISI 101971021 0.200 0290  0.027 0023 0.750 0.080 0.100 0.020
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Table 3.2 Nominal chemical composition of AISI 1010 steel [12].

Chemical Composition, %

Type of Steel C Mn S P
AISI 1010 0.08-0.13 0.30-0.60 0.050 max 0.040 max
Ada (TQP) B&b (Top)
C&c (Middle) D&d (Middle)
E&e (Bottom) F&f (Bottom)
A-B Line (Top) a-b Line (Top)
C-D Line (Middie) ~ 6-35mm +0.127mm _ ¢.d Line (Middle)
E-F Line (Bottom) e-f Line (Bottom)
231.75mm —-_T\\ .
+0.127mm | Q Point
!
.......... == ==k
G Line/J ' ™~ H Line
J Sun‘ace/____a____ L Surface
15.875mm + 0.127mm //i .
K Surface L// R Point
L Mmoo - ™
le—— 50.8mm + 0.127Mm «——Pp Point —p 19.05mm L_ Point
+0.127mm

CMM report shows:

Flatness (L surface flainess)

OD (Outside Diameter)

Cylindricity (Outside Cylindricity)

ID-1 (Inside Diameter at J Surface)

ID-2 (Inside Diameter at K Surface)

ID-3 (Inside Diameter at L Surface)
Roundness-1 (Inside Roundness at J Surface)
Roundness-2 (Inside Roundness at K Surface)

PN RN

. Roundness-3 (Inside Roundness at L Surface)

. Thickness-1 (Thickness between A Point and B Point)
. Thickness-2 (Thickness between G Line and H Line)

. Thickness-3 (Thickness between M Point to N Point)

. Gap Width-Top (Gap Between A-B Line and a-b Line)
. Gap Width-Middle (Gap Between C-D Line to c-d Line)
. Gap Width-Bottom (Gap Between E-F Line to e-f Line)

Figure 3.2 Navy C-ring test specimen; dimensions and measurement positions [37].
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3.3 Heat Treatment Details
Navy C-rings:

The carbonitrided C-rings from group NCR-C were treated at the Chrysler
Technology Center in Auburn Hills, Michigan U.S.A. in a sealed, 75 kW quench furnace
with a carbon potential of 0.8%. Ten C-rings were placed in the furnace and held at 845
°C (1550 °F) for 4 h. The specimens were removed from the furnace after heat treatment,
immediately oil quenched to room temperature, and then tempered for 1 h temper at 165
°C (325 °F).

Gaseous ferrtic nitrocarburizing was used to treat the ten C-rings from group
NCR-N. The heat treatment process was performed at Woodworth Inc., Detroit,
Michigan U.S.A. in the large commercial nitrocarburizing furnace shown in Figure 3.3.
Specimens were placed in the furnace (gas composition proprietary), held at 565 °C
(1050 °F) for 8 h, then furnace-cooled to 370 °C (700 °F) using nitrogen gas. The C-rings

were then removed from the furnace and air cooled to room temperature.

Figure 3.3 Nitriding/nitrocarburizing furnace. This furnace was used in the heat treatment of the
nitrocarburized Navy C-rings and torque converter pistons from groups NCR-N and PN,
respectively. Furnace dimensions measure 8 ft x 8 ft x 33 ft. Figure courtesy of Woodworth Inc.,
Detroit, Michigan U.S.A.
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Torque Converter Pistons:

The torque converter pistons from group PC were treated in a similar manner to
the current manufacturing process [8]. The same laboratory furnace used in the
carbonitriding of the C-rings from group NCR-C was also employed in this case. The
- pistons were placed into the furnace and held at-870 °C (1600 °F) for 90 min, after which
they were then removed, oil quenched, and tempered at 175°C (350 °F) for 1 h.

Gaseous ferritic nitrocarburizing was used to treat the fifty torque converter
pistons in group PN. To study the effects of temperature on the quality of the
nitrocarburized case, the pistons from group PN were further divided into five separate
heat treatment sub-groups with furnace temperatures of 510 to 605 °C. Cycle times
ranged from 2-14 h and were determined based on the time required to form a compound
layer with a thickness of 7.5-20 pm (0.0003-0.0008 in.). Following heat treatment,
pistons were held in the furnace and cooled using nitrogen to 370 °C (700 °F) before
being removed and air cooled to room temperature. All nitrocarburized pistons were
treated in large commercial furnaces at Woodworth Inc.,. Table 3.3 summarizes the
specimen identification and the heat treatment details for both the Navy C- rings and

torque converter pistons.

Table 3.3 Specimen identification and heat treatment details for the Navy C-rings and torque
converter pistons.

Specimen Heat Treatment Group S:I;';ll;s Teggng';l:t)u re T(l}r:;e
Navy C-ring Carbonitriding (C) NCR-C 10 845 (1550) 4.0
(NCR) Nitrocarburizing (N) ~ NCR-N 10 565 (1050) 8.0
Torque Carbonitriding (C) PC 3 870 (1600) 1.5
Converter .
Piston Nitrocarburizing (N) ~ PNjs;q 10 510 (950) 14.0
(P) PNsyo 10 540 (1000) 10.0
PNsgs 10 565 (1050) 5.0
PNjsgs 10 595 (1100) 2.5
PNeos 10 605 (1125) 2.0
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3.4 Dimensional Measurements and Calculation of Distortion
To quantify the size and shape distortion associated with each process, a PRISMO

(Carl Zeiss IMT Company) coordinate measuring machine (CMM) was used, Figure 3.4.
Contact scans of the Navy C-rings and torque converter pistons were conducted prior to
and following heat treatment. The dimensional measurements, precise to 0.1 pm, were
obtained during the scan and provided a set of points referred to as a “point cloud” in the
computational analysis. The analysis of both the C-ring and piston features was
completed using Imageware Surface scanning software. Both size and shape distortions
were calculated in terms of dirhénsional éhange and measured in millimeters (mm) using

Equation 3.1.
Distortion = Final Value - Initial Value Equation 3.1

The final and initial values in this equation represent the CMM measurements taken
before and after heat treatment.

While distortion can also be expressed as a percentage change, this approach was
avoided. Shape measurements such as flatness, roundness, and cylindricity reflect the
maximum deviation between the points along a particular surface. In the event of zero
deviation prior to heat treatment, even the slightest deviation would give rise to an
infinite percentage change. Such results would be ineffective in trying to compare the

heat treatment processes against one another.

Navy C-rings:
In total, fifteen specified dimensions, Figure 3.2, were used to evaluate size and shape

distortion through the thickness of each C-ring. Size parameters were used to measure the
changes in part dimension and included outside diameter (OD), inside diameter (ID-1,
ID-2, ID-3), gap width (Top, Middle, Bottom), and thickness (T-1, T-2, T-3). Shape
parameters were calculated by determining maximum deviation between the points of a
given surface; the parameters evaluated included flatness, roundness (R-1, R-2, R-3), and

cylindricity.
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Figure 3.4 PRISMO coordinate measuring machine (CMM).

Flatness, is defined by the National Standard on Dimensioning and Tolerancing [62],
as the condition of a surface having all elements in one plane. A flatness tolerance
specifies a zone defined by parallel planes separated by the specified tolerance within
which the surface must lie. The flatness values for this study were determined scanning
approximately 2100 points along the perimeter of the C-ring at surface ‘L’ and
calculating the difference between the maximum and minimum points of deviation from
the reference surface. An example of a flatness form plot is shown in Figure 3.5; the
reference surface, designated as “1-2-3-4”, coincides with the minimum point of
deviation.

Roundness is expressed by the dimension of out-of-roundness, the deviation of a
surface from the ideal form [63]. Roundness measurements were made at three separate
locations along the ID of the Navy C-rings (R-1, R-2, R3); approximately 850 points
were scanned along each ID circle. Roundness values were then calculated by
determining the maximum deviation between the points located closest to and farthest
from the central axis of each circular profile. An example of a roundness form plot is

shown in Figure 3.6.
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Figure 3.5 Example of a flatness form plot obtained using a CMM; specimen NCR-C6 after heat
treatment. Points “A” and “B” are the points of maximum and minimum deviation away from
surface “1-2-3-4”, respectively.

Cylindricity is the condition in which all points along the surface of a cylinder are
equidistant from the axis {64]. Unlike roundness, it is a value that applies to the entire
surface area of the cylinder simultaneously. In this study, cylindricity values were used to
evaluate the straightness, circularity, and taper along the OD of each Navy C-ring [65]. A
combined total of approximately 4300 points were scanned at three separate locations
along the OD of each C-ring. A value for cylindricity was then calculated by determining
the deviation between the points located closest to, and farthest from, the central axis. An

example of a cylindricity form plot is shown in Figure 3.7.
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ID-2("Roundness_ID-2")

ID-3('Roundness_ID-3") 50.0um

Figure 3.6 Example of a roundness form plot; specimen NCR-C1 after heat treatment. Plots for R-1,
R-2, and R-3 are shown. Points “A” and “B” are the points of maximum deviation toward and away
from circle ID-1, respectively. Points “C’” and “D” are the points of maximum deviation toward and
away from circle ID-2, respectively. Points “E” and “F” are the points of maximum deviation toward
and away from circle ID-3, respectively. The three circles (ID-1, ID-2, and ID-3) have equal
diameters, but have been scaled to avoid overlapping of the measured profiles.
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Figure 3.7 Example of a cylindricity form plot; specimen NCR-C1 after heat treatment. Points “A”
and “B” are the points of maximum deviation toward and away from the centre of three circles along
the OD of the C-ring. The three circles have equal diameters, but have been scaled to avoid
overlapping of the measured profiles.
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Torque Converter Pistons:
The size and shape distortions of the pistons were evaluated using ID, OD, total

flatness, and taper of the lockup surface, Figure 3.8. The accuracy of the ID, the flatness

and the taper of the lockup surface are required for the torque converter to function

properly [8].

Flatness
Shape Distortion

Taper
T/C Piston ID

Size Distortion
T/C Piston OD

Figure 3.8 Torque converter piston measurement positions.

OD and ID measurements were used to give an indication of the linear and volumetric
changes associated with size distortion [17, 26, 27]. Both OD and ID were measured at
multiple locations along the height of each piston using the Minimum Circumscribed
Circle (MCC) and Maximum Inscribed Circle (MIC), respectively. Measurement
positions are given with respect to the lockup surface; OD was evaluated at -7.5 mm and
-21.5 mm and ID evaluated at -11 mm and -15 mm.

Flatness and taper of the lockup surface were used to measure changes to the
geometrical form of the part associated with shape distortion [17, 26, 27]. Total flatness
of the pistons was evaluated at the lockup surface along six separate diameters (225, 230,
235, 240, 245, and 250 mm). Between 6,500 and 7,300 points were scanned at each
measurement position, approximately 41,000 points in total. The number of points
measured at each location increased with increasing diameter. By taking into
consideration each of the six scans and calculating the difference between the overall
highest and lowest points of deviation from reference surface, the total flatness was

determined. The reference surface, designated as “1-2-3-4” coincides with the minimum
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point of deviation. An example of the total flatness form plot of a torque converter piston

is provided in Figure 3.9.

»
o 1 I \
5 bt ¥
) ™
X 1] 3 M
~ E

Figure 3.9 Example of a total flatness form plot obtained using a CMM; specimen PC-3 after heat
treatment. Total flatness represents the maximum and minimum points of deviation along the lockup
surface, measured at six separate diameters. Points “A” and “B” are the points of maximum and
minimum deviation away from surface “1-2-3-4”, respectively.

41



]:50.0um

Figure 3.10 Example of a flatness taper form plot obtained using a CMM; specimen PN605-1 after
heat treatment. The flatness taper represents the maximum and minimum points of deviation
measured along the +Y and +X directions of the lockup surface. Points “A” and “B” are the points of
maximum and minimum deviation away from surface “1-2-3-4”, respectively.

The taper of the lockup surface was calculated using a CMM. In total, approximately
490 points were scanned along the +Y and +X directions of the lockup surface. Flatness
taper values were determined by measuring the difference between the points of
maximum and minimum deviation away from surface *“1-2-3-4”, respectively. The
reference surface, designated as “1-2-3-4” coincides with the minimum point of
deviation. An example of a flatness taper form plot of a torque converter piston is

provided in Figure 3.10.
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3.5 Retained Austenite Measurement
The percent volume of retained austenite was determined by x-ray diffraction

(XRD) at the facilities of Proto Manufacturing Ltd., Oldcastle, Ontario. Measurements
were made at the surface and near surface of the hardened steels using the Four-Peak
Method, an XRD technique which compares the intensities of the (200) and (211)
diffraction peaks of the a-Fe phase and the (200) and (220) diffraction peaks of the y-Fe
phase. CrKa X-ray radiation with a wavelength of 0.2291 nm was used with a vanadium
filter in the diffracted beam. Generator voltage and current settings were set to 30 kV and
25 mA, respectively.

To create the retained austenite profiles, measurements were taken from the
surface of the steel inward through the case. Due to the limited depth penetration of x-
rays, determining the amount of retained austenite within the subsurface of the steel
“required the use of electro-polishing techniques to etch back from the surface in

controlled increments.

Navy C-rings:
The volume percent of retained austenite was measured for one C-ring from the

carbonitrided and nitrocarburized groups, samples NCR-C10 and NCR-N2 respectively.
As shown in Figure 3.11a, measurements were taken at the ‘bottom’ of each C-ring
extending inward from the surface of the steel to a depth of approximately 1.5 mm; six

measurements were recorded.

(@) (b)

Figure 3.11 Test set-up for the measurement of retained austenite and residual stresses for the (a)
Navy C-ring specimens (b) Torque converter pistons.
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Torque Converter Pistons:

The volume percent of retained austenite was measured for four torque converter
pistons, one from each of the following heat treatment groups - PC, PNsj9, PNsgs, and
‘PNegos, pistons PC-1, PNsjo-1, PNsgs-3 and PNgos-2, respectively. Measurements were
taken at the lock-up surface of each piston, Figure 3.11b, extending inward from the

surface of the steel to a depth of 1.5 mm; six measurements were recorded.

3.6 Residual Stress Measurement
XRD techniques were also used by Proto Manufacturing Ltd. in determining the

residual stresses at the surface and near surface of the steel for the Navy C-rings and
torque converter pistons. The same specimens used in determining the retained austenite
profiles were also chosen for measuring residual stress. These specimens were selected
from their heat treatment groups because they most closely represented the average
dimensional changes experienced by the specimens within their group.

For both the C-rings and pistons, multiple residual stress measurements were
made from the surface of the steel inward through the case. CrKa X-ray radiation with a
wavelength of 0.2291 nm was used to measure the lattice deformations on the {211}
diffraction planes of the martensite peak. Target power for C-rings and pistons varied;
generator voltage and current settings were 30 kV, 25 mA for the C-rings and 20 kV,
4 mA for the pistons.

Navy C-rings:
For the C-rings, residual stress values were determined at the following ¥ angles:

0°, 45.51°, +12.00°, +19.41°, and +25.00°. The Bragg angle, 20, was set at 156°. Hoop
and axial stresses were measured at eleven locations at the ‘bottom’ of each C-ring
specimen from the surface to a depth of approximately 2.5 mm. Hoop stress (tangential
stress) was measured in the direction perpendicular to the radius; axial stress was

measured in the direction along the radius.
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Torque Converter Pistons:
For the pistons, residual stress values were determined at the following ¥ angles:

0°, +11.80°, +16.32°, +23.46°, and +30.00°. The Bragg angle, 20, was set at 156°. Hoop
stress was measured at ten locations extending inward from the lock-up surface, through

the case, to a depth of approximately 2 mm.

3.7 Determination of Surface Growth Direction in Nitrocarburized SAE 1010 Steel
Unlike coatings in which a material is deposited on the surface of the steel,

thermochemical diffusion processes use both heat and the diffusion of hardening species
to modify the surface of the steel and achieve the desired surface characteristics [14].

To further understand the changes in the size and shape of the nitrocarburized C-
rings and pistons, additional testing was performed to verify the growth direction of the
nitrocarburized case. Coupons were cut from a sheet of 3-mm ('4-in.) normalized SAE
1010 steel into 28 x 8 x 3-mm sections. The ends were masked using Acheson Nitrostop
N4, as shown in Figure 3.12 and the coupons were subjected to a heat treatment schedule
identical to that of group NCR-N. When applied to steel prior to heat treatment, Nitrostop
forms a protective layer; it inhibits diffusion and maintains the initial properties of the
steel. Following the heat treatment of the coupons, optical microscopy was used to

compare the surface position of the masked steel against that of the unmasked region.

28 mm

11 mm 6 mm

8 mm

/

3 mm

f T

Nitrostop Unmasked
SAE 1010 Steel

Figure 3.12 Schematic diagram of the SAE 1010 steel coupon. To prevent the formation of the
compound layer, a layer of Nitrostop was applied prior to heat treatment.
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3.8 Metallographic Procedure
After heat treatment and the completion of all distortion, retained austenite, and

residual stress measurements, selected C-rings, torque converter pistons, and coupons
were cut, mounted, and examined using optical and scanning electron microscopy.
Though cutting methods differed for each type of test specimen, all were mounted,
polished, and etched in a similar fashion. Buehler Mineral Filled Diallyl Phthalate
powder and a Buehler Simplimet 3 Mounting Press were used to create the mount for
each sample. Mounted samples were then rough ground on a Buehler Handimet II Roll
Grinder through 240, 320, 400, and 600 grit silicon carbide papers. Rough polishing was
accomplished on a Buehler Ecomet 3 Variable Speed Grinder-Polisher with 9 pm
diamond compound on a Buehler Metcloth. Fine polishing was done on a Buehler
Metaserv Grind-Polisher using a deagglomorated alpha alumina oxide powder (Al,O3)
suspended in water. This two-step process involved 1-um powder on Buehler Billiard
Cloth, followed by 0.05-um powder on Buehler Microcloth. Polished samples were
etched using a 2% Nital solution (2 ml nitric acid (HNO3) and 98 ml ethanol). Samples
were swabbed for approximately 4 s, immediately rinsed in cold water, and dried.

A ZEISS Axiovert 25 light optical microscope and JEOL 5800 scanning electron

microscope, Figure 3.13, were both used to document the microstructures.

Figure 3.13 Metallographic observation of the microstructures was made using a scanning electron
microscope (left) and light optical microscope (right).
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Navy C-rings:
~ Mounting samples from the Navy C-rings were cut from the ‘bottom’ of each

specimen,qvery close to the area in which the retained austenite and residual stress
measurements were made. Sectioning was accomplished with a Buehler Isomet 100

Precision Saw using a diamond blade.

Torque Converter Pistons:
Because of the size of the torque conveter pistons, wire electrical discharge

machining (EDM) was first used to remove a 19-mm (0.75-in.) section from each of the
‘pistons, cut parallel to the radius. Then the Precision Saw was used to section smaller

samples for mounting. The lockup surface and side wall of the pistons were examined.

‘Coupons:
Entire coupons could be accommodated in the mounting press; no additional sectioning

was necessary.
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RESULTS AND DISCUSSION

IV.EFFECT OF HEAT TREATMENT ON SIZE AND SHAPE DISTORTIONS

This section discusses the distortion associated with the carbonitriding and
gaseous ferritic nitrocarburizing of plain carbon steels. Using a coordinate measuring
machine (CMM), distortion values were determined by measuring each of the test
specimens before and after heat treatment. The carbonitriding and nitrocarburizing
processes were evaluated in terms of both size and shape distortion; the average
distortion values were calculated and a comparison of the results is presented. For the

size and shape distortion values associated with each test specimen, refer to Appendix A.

4.1 Navy C-rings
Figure 3.2 identifies the fifteen specified dimensions used to evaluate distortion in

the carbonitrided and nitrocarburized Navy C-rings, groups NCR-C and NCR-N,
respectively. Size distortion was assessed by measuring the dimensional changes in
outside diameter (OD), inside diameter (ID), gap width, and thickness. Shape distortion
was assessed by measuring the changes in the flatness, roundness, and cylindricity

values.

Size Distortion:

The average dimensional changes in diameter, gap width, and thickness for the
carbonitrided and nitrocarburized C-rings are listed in Table 4.1 and shown Figures 4.1,
4.2, and 4.3, respectively. In comparing the results, the C-rings from group NCR-N
exhibited smaller dimensional changes than those from group NCR-C with respect to
OD, ID, and gap width; an increase in the OD and ID and a decrease in the gap width
were measured. The largest dimensional change in the nitrocarburized Navy C-rings was
with respect to OD; the average dimensional change measured +0.0207 mm.

Changes in the OD, ID, and gap width of the C-rings from group NCR-C were
larger than group NCR-N; increases in the OD, ID, and gap widths were measured. For
the carbonitrided C-rings, the largest amount of distortion was found at the gap width.
The dimensional changes at the top, middle, and bottom of the gap width measured

+0.1639 mm, +0.1714 mm, and +0.1676 mm, respectively. Such changes in gap distance
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are not uncommon. In a study of the dimensional changes of steel Navy C-rings
quenched in water, oil, and hot aqueous solutions, French [35] reported that the changes
in the width of the slot were larger, per unit of measured length, than those in the
diameter of the gages. Similar results were also reported by Webster [38] on a distortion
study using o0il quenched, high-carbon alloy steel, by Northwood et al. [36] on a study of
the effects of heat treatment parameters on distortion in carburized SAE 8620 steel, and
by Boyle er al. [37] in an investigation into the effects of initial microstructure on
distortion in carburized SAE 8620 and PS-18 steel.

The increase in gap width of the C-rings from NCR-C and the decrease in gap
width of those from NCR-N correspond well with the literature. Based upon previous
work by Ohwada et al. [66] and Herndndez-Morales et al. [30], it has been established
that for steels which do not transform upon cooling, thermal stresses are responsible for
the decrease in gap width. Herndndez-Morales et al. explained the mechanisms
responsible for distortion during quenching by modeling the evolution of the thermal and
internal stress fields of a stainless steel Navy C-ring quenched in still water at 40 °C.
While the gap width of the C-ring did increase in the early stages of quenching due to the
contraction of the tips, over time and as the thicker sections of C-ring contracted, these
ends were displaced inward toward the centre of the C-ring resulting in an overall
decrease in gap width. For steel undergoing a phase transformation, the opposite effect is
noted.

Size distortion was also evaluated by measuring the change in thickness at three
locations (T-1, T-2, and T-3) in each of the Navy C-ring specimens. The average change
in thickness at each of these locations was calculated for groups NCR-C and NCR-N and
the results are listed in Table 4.1. These calculated averages were used to compare the
two heat treatment processes. The nitrocarburizing of SAE 1020 steel was noted to give
rise to larger overall dimensional changes with respect to the thickness of the Navy C-
ring specimens. However, further investigation revealed this statement was not strictly
correct because of the large standard deviations calculated, particularly in group NCR-N.
The large standard deviations in this group were due, in part, to specimen NCR-NS5,

which showed a significant increase in thickness at each of the three measurement
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positions: 0.1918 mm, 0.1919 mm, and 0.1910 mm at T-1, T-2, and T-3, respectively.
When specimen NCR-N5 is excluded from the calculation, the average change in
thickness at T-1, T-2, and T-3 decreases substantially becoming smaller than the average

thickness distortion valué's calculated for the C-rings from NCR-C (see Figure 4.3b).

Table 4.1 Average size distortion values (diameter, gap width, and thickness) for the Navy C-ring
specimens resulting from the carbonitriding and nitrocarburizing processes. See Appendix A for full
results. .

Average Dimensional Change (mm)

. . . Nitrocarburizing Carbonitriding
Size Distortion (NCR-N) (NCR-C)
Diameter

OD 0.0207 (x 0.0007) 0.0683 (= 0.0041)
ID-1 0.0045 (x 0.0010) 0.0615 (= 0.0069)
ID-2 0.0034 (= 0.0004) 0.0481 (x 0.0063)
ID-3 0.0045 (£ 0.0006) 0.0583 (= 0.0070)
Gap Width
Top -0.0075 (£ 0.0017) 0.1639 (= 0.0171)
Middle -0.0087 (+0.0033) 0.1714 (= 0.0163)
Bottom -0.0071 (= 0.0030) 0.1676 (= 0.0142)
Thickness
T-1 0.0194 (+ 0.0608) -0.0070 (= 0.0076)
T-2 0.0184 (£ 0.0611) -0.0015 (x0.0091)
T-3 0.0179 (£ 0.0610) -0.0016 (x 0.0068)
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Figure 4.1 Average diameter (OD and ID) distortion for the Navy C-ring specimens induced by
carbonitriding and nitrecarburizing.
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Figure 4.2 Average gap width distortion for the Navy C-ring specimens induced by carbonitriding
and nitrocarburizing.
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Figure 4.3 Average thickness distortion values for the Navy C-ring specimens induced by
carbonitriding and nitrocarburizing. (a) Thickness distortion calculated by averaging all NCR-N
values. (b) Thickness distortion calculated excluding NCR-NS.
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Shape Distortion:
Unlike size distortion, which is a measure of actual dimensional change, shape

distortion is evaluated by calculating the difference in the flatness, roundness, and
cylindricity values before and after heat treatment. The average shape distortion values
for the Navy C-rings from groups NCR-C and NCR-N are reported in Table 4.2. Changes
in the flatness, roundness and cylindricity values are shown in Figures 4.4, 4.5, and 4.6,
respectively. In comparing the results for both heat treatment processes, the C-rings from
group NCR-N exhibited smaller changes in flatness and roundness distortion, but a larger
change in cylindricty. For the C-rings from this éroup, increases in flatness, roundness,
and cylindricity values were reported.

For the Navy C-rings from NCR-C, incréases in flatness and roundness and a
decrease in cylindricity were reported. Of these three values, the change in cylindricty
was unexpected. Not only was the magnitude of change smaller than the value reported
for the nitrocarburized steel, but also the average cylindricity value decreased, an
indication that the C-rings had become more ‘in-shape’ as a result of the carbonitriding

process.

Table 4.2 Average shape distortion values (flatness, cylindricity, and roundness) for the Navy C-ring
specimens resulting from the carbonitriding and nitrocarburizing processes. See Appendix A for full
results.

Average Dimensional Change (mm)

. . Nitrocarburizing Carbonitriding
Shape Distortion (NCR.N) (NCR-C)
Flatness 0.0004 (+0.0014) 0.0072 (+0.0043)
Cylindricity 0.0082 (+0.004) ~-0.0020 (+0.0031)
Roundness ;

R-1 0.0004 (+0.0028) 0.0060 (x0.0067)

R-2 0.0011 (+0.0036) 0.0110 (x0.0049)

R-3 0.0009 (£0.0043) 0.0054 (+0.0065)
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Figure 4.4 Average change in flatness values for the carbonitrided and nitrocarburized Navy C-ring
specimens.
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Figure 4.5 Average change in roundness values (R-1, R-2, and R-3) for the carbonitrided and
nitrocarburized Navy C-ring specimens.
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Figure 4.6 Average change in cylindricity values for the carbonitrided and nitrocarburized Navy C-
ring specimens.

4.2 Torque Converter Pistons

Distortion in the torque converter pistons was evaluated using OD, ID, flatness,
and taper of the lockup surface; their positions are shown in Figure 3.8. Changes in OD
and ID were used to calculate size distortion. Changes in the total flatness and taper of
the lockup surface were used to calculate shape distortion.

The variability of the distortion measures was difficult to compare between the
carbonitrided and nitrocarburized pistons. The experimental design included an unequal
number of pistons in the carbonitrided and nitrocarburized groups, three versus ten. In
order to provide a more accurate comparison between the mean and standard deviation
values, a random sample of three pistons was chosen from each of groups PNs;g, PNs4,
PNs6s, PNsos, and PNgos. Consequently, it is expected that the standard deviation values
of both treatments should be similar in magnitude; however, evidence of greater

variability in results among the carbonitrided pistons is still observed.
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Size Distortion:

- OD and ID measurements were made at two separate locations along the height of
each piston. The coordinates of these positions are given with respect to the lockup
surface; -7.5 mm and -21.5 mm for OD and -11 mm and -15 mm for ID. The average
dimensional change and standard deviation in the OD and ID of the carbonitrided and
nitrocarburized torque converter pistons is reported in Table 4.3a.

The average dimensional changes in OD and ID along the height of the
nitrocarburized pistons were similar and the variation was small. For the nitrocarburized
pistons, an average increase in OD and ID was reported in all but one of the
nitrocarburized heat treatment groups; the ID at -11 mm for the pistons in group PNeos
decreased by an average of -0.0039+0.0020 mm.

For the carbonitrided pistons, not only was the standard deviation values larger,
but the dimensional changes in OD and ID demonstrated both positive and negative
variation from the initial values. Decreases in piston OD and ID were measured at those
positions closest to the lockup surface at -7.5 mm and —11 mm, respectively. Further
from the lockup surface increases in the OD and ID at -21.5 mm and -15 mm, were
reported.

To ensure that the comparison between size distortion in the carbonitrided and
nitrocarburized steel was indeed accurate, the processes were also compared using similar
sample sizes. These results, shown in Table 4.3b and Figure 4.7, are consistent with the

findings above.
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Table 4.3a Average size distortion values (OD and ID) of the torque converter pistons resulting from
the carbonitriding and nitrocarburizing processes. Sample sizes for the carbonitrided and
nitrocarburized pistons are three and ten, respectively. See Appendix A for full results.

Average Dimensional Change (mm)

No. of

OD (-21.5 mm)

ID (-11 mm)

ID (-15 mm)

Size Distortion Samples - 0D (-7.5 mm)
Carbonitriding | 3 -0.0980 (+£0.0398)
Nitrocarburizing
P-Ns;o 10 0.0934 (£0.0017)
P-Nagyo 10 0.0815 (£0.0027)
P-Nsgs 10 0.0764 (£0.0035)
P-Nggs5 10 0.0744 (x0.0019)
P-Ngos 10 0.0696 (£0.0030)

0.0513 (+0.0232)

0.0864 (+£0.0074)
0.0731 (x0.0102)

0.0713 (+0.0139)

0.0611 (x0.0034)
0.0658 (£0.0118)

-0.0745 (+0.0085)

0.0026 (+0.0019)
0.0025 (+0.0008)
0.0041 (x0.0010)
0.0096 (x£0.0007)
-0.0039 (x0.0020)

0.0138 (+0.0083)

0.0147 (£0.0018)
0.0149 (£0.0014)
0.0165 (£0.0025)
0.0264 (0.0004)
0.0087 (+0.0037)

Table 4.3b Average size distortion values (OD and ID) of the torque converter pistons resulting from
the carbonitriding and nitrocarburizing processes. Sample sizes for the carbonitrided and

nitrocarburized pistons are equal.

Average Dimensional Change (mm)

OD (-21.5 mm)

ID (-11 mm)

ID (-15 mm)

Size Distortion SIZI‘:I'p‘l); OD (-7.5 mm)
Carbonitriding 3 -0.0980 (0.0398)
Nitrocarburizing
P-Nqjo 3 0.0940 (+0.0015)
P-Nayp 3 0.0807 (£0.0036)
P-Nygs 3 0.0745 (£0.0035)
P-Nyos 3 0.0747 (+0.0012)
P-Ngos 3 0.0698 (+0.0023)

0.0513 (x0.0232)

0.0909 (+0.0064)
0.0762 (x0.0086)
0.0798 (x0.0153)
0.0616 (x0.0031)
0.0746 (+0.0086)

-0.0745 (x0.0085)

0.0012 (x0.0007)
0.0025 (x0.0012)
0.0038 (x0.0012)
0.0100 (x0.0010)
-0.0025 (=0.0007)

0.0138 (x0.0083)

0.0131 (£0.0021)

0.0154 (x0.0014)
0.0177 (x0.0027)
0.0262 (x0.0003)
0.0058 (+0.0008)
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Figure 4.7 Average diameter distortion (OD and ID) for the carbonitrided and nitrocarburized
torque converter pistons. (a) Values from Table 4.3a; all nitrocarburized pistons. (b) Values from
Table 4.3b; a random sampling of three pistons from each PN group.
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Shape Distortion:
Shape distortion for the pistons from groups PC and PN were evaluated by

measuring the change in total flatness and flatness taper of the lockup surface. All results
are reported in Table 4.4a and shown in Figures 4.8a and 4.9a. An evaluation of the
processes using similar sample sizes is provided in Table 4.4b and shown in Figures 4.8b
and 4.9b. | |

Comparing the carbonitriding and nitrocarburizing processes, the pistons from
group PC exhibited much larger changes in both flatness and taper values than those in
group PN. The standard deviation Vé.lues calculated for the pistons in group PC were also
larger, which provides yet another indication of the difficulty in predicting the distortion
associated with the carbonitriding process.

In comparison with ferritic nitrocarburizing, the unpredictability in size and shape
distortion of carbonitrided steel makes the process less suited in the production of torque
converter pistons. Given the fact that the dimensional changes in nitrocarburized pistons
were generally consistent and the variability small, it may be possible to predict and
account for the distortion expected during heat treatment [17]. It can be suggested that
replacing the carbonitriding process with gaseous ferritic nitrocarburizing and designing
tooling to account for the dimensional changes expected during heat treatment will help
to improve the production process by decreasing manufacturing time and reducing the

costs associated with part scrap and the elimination of the finish grinding step.
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Table 4.4a Average shape distortion values (total flatness and taper) of the torque converter pistons
induced by carbonitriding and nitrocarburizing. Sample sizes for the carbonitrided and
nitrocarburized pistons are three and ten, respectively. See Appendix A for full results.

Average Dimensional Change (mm)

Shap¢ Distortion SI:I(:{p(l):s Total Flatness Taper of the Lockup Surface
Carbonitriding 3 0.5632 (+0.3336) 0.3873 (+0.3349)
Nitrocarburizing
P-Nsyq 10 0.0310 (x0.0151) 0.0308 (+0.0107)
P-Nsio 10 0.0380 (x0.0182) 0.0332 (x0.0195)
P-Nigs 10 0.0417 (x0.0110) 0.0399 (+0.0158)
P-Nsgs 10 0.0334 (+0.0103) 0.0348 (+0.0086)
P-Ngos 10 0.0291 (x0.0142) 0.0241 (x0.0138)

Table 4.4b Average shape distortion values (total flatness and taper) of the torque converter pistons
induced by carbonitriding and nitrocarburizing. Sample sizes for the carbonitrided and
nitrocarburized pistons are equal.

Average Dimensional Change (mm)

Shape Distortion Sf;p?:s Total Flatness Taper of the Lockup Surface
Carbonitriding 3 0.5632 (+0.3336) 0.3873 (x0.3349)
Nitrocarburizing
P-Ns30 3 0.0337 (+0.0063) 0.0268 (+0.0085)
P-Nsy0 3 0.0406 (£0.0143) 0.0405 (x0.0368)
P-Nsg¢s 3 0.0449 (£0.0013) 0.0340 (+0.0059)
P-Nsos 3 0.0293 (x0.0067) 0.0344 (+0.0008)
P-Ngos 3 0.0311 (+0.0128) 0.0297 (x0.0105)
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Figure 4.8 Average change in total flatness values for the carbonitrided and nitrocarburized torque
converter pistons. (a) Values from Table 4.4a; all nitrocarburized pistons. (b) Values from Table
4.4b; a random sampling of three pistons from each PN group.
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Figure 4.9 The average change in flatness taper values for the carbonitrided and nitrocarburized
torque converter pistons. (a) Values from Table 4.4a; all nitrocarburized pistons. (b) Values from
Table 4.4b; a random sampling of three pistons from each PN group.
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4.3 Hypothesis Testing of Size and Shape Distortion
- The purpose of hypothesis testing is to formulate and test a null hypothesis (Hy).

In this study, hypothesis testing attempted to prove that the mean size and shape
distortion values for the pistons in groups PNsyg, PNssg, PNses, PNsgs, and PNggs were less
than the mean size and shape distortions for the pistons in group PC. The system has
eleven degrees of freedom (Nearbonitriding + Dnitrocarburizing -2) and an ‘o’ value of 0.050 was
chosen; the value of t,, from the ‘Table of Percentage Points of the t-Distributions’ [67] is
therefore 1.796. An example of the hypothesis testing performed in this study is provided
in Appendix B.

The results from hypothesis testing show a failure to reject the null hypothesis

occurred in a majority of the cases with the exception those groups listed below:

e OD (—21.5 mm) - PN510, PN540, and PN565
OD (—75 mm) - PN565, PN595, and PN6()5
e ID (—15 mm) - PN595

Accordingly, in thirty of the tests there were seven instances in which the null hypothesis
could be rejected with a confidence interval of 95%. Therefore, it can be stated with a
high level of certainty that the mean size distortion and particularly the shape distortion
of the nitrocarburized pistons is in fact less than the mean distortion of the carbonitrided

pistons.

4.4 Understanding Size and Shape Distortion
Overall, the dimensional changes of the carbonitrided C-Rings are consistent with

the test results of Boyle er al. [37] for the distortion of carburized Navy C-Rings
machined from SAE 8620 and PS-18 steels. The larger dimensional changes in the Navy
C-rings and toque converter pistons from groups NCR-C and PC, respectively can be
explained by the high temperatures associated with the carbonitriding process,
particularly the phase transformation of austenite to martensite that takes place when the
steel is quenched. Because this phase transformation in absent in the nitrocarburizing
process much of this distortion is avoided. Size distortion in the nitrocarburized steel is

thought to be attributed to the diffusion of nitrogen. According to Pye [25], with the
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diffusion of nitrogen into the steel surface, volume change will occur, which means a size
change in the form of growth.

There are a number of factors that give rise to shape distortion. While the stresses
developed during the manufacturing process tend to manifest themselves upon heating
[25], it is generally thought that the quenching step is a major contributing factor. During
carbonitriding, not only is there a risk of non-uniform quenching, but also of an
incomplete phase transformation of austenite to martensite. The presence of retained
austenite in the surface of the steel is an indication that mixed phases do exist. According
to the literature [25], thesé phases give rise to residual stresses that contribute to
dimensional changes in the steel. The percent volume of retained austenite in

carbonitrided and nitrocarburized steel is discussed in Section V.
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RESULTS AND DISCUSSIONS

V.EFFECT OF HEAT TREATMENT ON RETAINED AUSTENITE AND
RESIDUAL STRESS

This section discusses the effect of heat treatment on the retained austenite
content and residual stress values at the surface and near surface of plain carbon steels.
X-ray diffraction (XRD) techniques were used to make retained austenite and residual
stress measurements at multiple locations, extending from the surface of the steel inward
througﬁ the case. For the Navy C—fings, two specimens were chbsen, one from group
NCR-C and the other from NCR-N; both retained austenite and residual stress
measurements were made at the ‘bottom’ position of each C-ring along the outside
diameter (OD). For the torque converter pistons, retained austenite and residual stress
values were measured at the lockup surface for four of the torque converter pistons, one
from each of the following groups: P-C, P-Ns;, P-Nsgs, and P-Ngps. Retained austenite
and residual stress profiles for the Navy C-rings and torque converter pistons were

generated, and a comparison of the results is presented.

5.1 Retained Austenite
Retained austenite content was measured using an XRD technique known as the

Four-Peak Method. Measurement positions extended from the surface of the steel inward
through the case to a depth of approximately 1.5 mm. Volume data for retained austenite
in the carbonitrided and nitrocarburized Navy C-rings and torque converter pistons are

provided in Table 5.1 and 5.2, respectively.

5.1.1 Navy C-rings
Figure 5.1 shows the retained austenite profiles for the carbonitrided and

nitrocarburized Navy C-rings, specimens NCR-C10 and NCR-N2, respectively. Overall,
the general shape of the profiles is similar. The volume of retained austenite is highest at
the surface of the steel and decreases with increasing depth, results that are consistent
with the profiles of properly carburized and hardened steels [6]. The depth values
indicated in Table 5.1 and Figure 5.1 represent the location of the retained austenite

measurements with respect to the surface of the Navy C-ring.
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The difference between the carbonitrided and nitrocarburized profiles lies in the
retained austenite content. Overall, the volume of retained austenite was higher in the
carbonitrided steel, 23.0% at the surface of NCR-C10 in comparison with 6.8% at the
- surface of NCR-N2. While the retained austenite level in NCR-C10 slowly decreased to
24% at a depth of 1.47 mm, the retained austenite level in NCR-N2 dropped

immediately; a value of 1.0% was measured at a depth just 13 pm below the surface.

Table 5.1 Retained austenite content in the Navy C-ring specimens. Measurements were made at the
‘bottom’ position of the C-ring inward through the case to a depth of approximately 1.5 mm. Error
in the results: +2%. '

Percent Retained Austenite (% RA)

Nitrocarburizing (NCR-N2) Carbonitriding (NCR-C10)
Depth (mm) % RA Depth (mm) ' % RA

0.0000 6.8 0.0000 23.0
0.0127 1.0 0.0127 19.7
0.0254 0.8 0.0254 18.1
0.1397 1.6 0.1295 15.8
0.5080 1.3 0.5080 4.5
1.4986 1.6 1.4732 24

—s— Carbonitrided Steel
—o— Nitrocarburized Steel

Percent Retained Austenite (%)

.50 0.75 1.00 1.25 1.50
Depth (mm)

o
o)
o
o
i
a
o
a 10

Figure 5.1 Retained austenite profiles of the carbonitrided and nitrocarburized Navy C-ring
specimens, NCR-C10 and NCR-N2, respectively.
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5.1.2 Torque Converter Pistons
The retained austenite profiles of the carbonitrided and nitrocarburized torque

converter pistons are shown in Figure 5.2a. The depth values indicated in Table 5.2 and
Figure 5.2a represent the location of the retained austenite measurements with respect to
the surface of the torque converter piston. Similar to the results obtained for the Navy C-
ring specimens, the largest percent volume of retained austenite was measured in the
carbonitrided steel. For PC-1, a maximum value of 12.7% was measured, not at the
surface but at a distance of 28 um below it. Similar results have also been reported by
researchers studying retained austenite values in carburized [22, 68, 69] and carbonitrided
[68] steels indicating that the maximum value of retained austenite does not necessarily
occur at the surface of carburized and carbonitrided steels. In a study performed by Gu et
al. [68] on the mechanical properties of carburized and carbonitrided Cr-Ni-Mo steels,
the retained austenite profiles for both heat treatment processes showed that the
maximum percent volume of retained austenite was not measured at the surface, but
rather at some distance below it.

For the nitrocarburized pistons, maximum values of retained austenite were
measured at the surface of the steel; values of 2.5%, 4.2%, and 5.3% for pistons PNso-1,
PNsgs-3 and PNggs-2 were reported. The fact that the retained austenite content was
highest in the piston from group PNggs was not surprising. At temperatures between 590
and 721°C which correspond to the eutectoid (A;) on the Fe-N and Fe-C systems,
respectively, the process is no longer classified as ferritic nitrocarburizing but is instead
referred to as austenitic nitrocarburizing [70, 71]. Because austenitic nitrocarburizing
takes place in the austenitic phase field of the steel, some retained austenite is expected in
the final component. Upon quenching, austenite is retained and can be seen as an
intermediate zone located beneath the compound layer. Upon slow cooling, the retained
austenite transforms into a pearlite-like structure referred to as Braunite [22, 70].
Although all the nitrocarburized pistons were furnace-cooled, it is suspected that some of
the austenite did not undergo this transformation thus resulting in the presence of retained

austenite at the surface and near surface of the steel.
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Table 5.2 Retained austenite content in the torque converter pistons. Measurements were made from
the lockup surface inward through the case to a depth of approx. 1.5 mm.

Percent Retained Austenite (% RA)

PC, Sample 1 PN-510, Sample 1 PN-565, Sample 3 PN-605, Sample 2
Depth (mm) % RA Depth (mm) % RA Depth (mm) % RA Depth (mm) % RA
0.0000 11.8 0.0000 2.5 0.0000 42 0.0000 53
0.0127 12.3 0.0127 1.1 0.0127 1.2 0.0127 5.0
0.0279 12.7 0.0305 0.3 0.0254 0.6 0.0254 0.5
0.1346 8.5 0.1422 0.6 0.1270 0.5 0.1549 14
0.5410 0.7 0.5182 0.6 0.5309 0.6 0.4953 04
1.5215 5.0 1.6129 04 1.5342 0.6 1.5443 03

14

—a— Carbonitriding (870C, 90 min)
—o— Nitrocarburizing (510C, 14h)
—o— Nitrocarburizing (565C, 5 h)
—o— Nitrocarburizing (605C, 2 h)

Percent Retained Austenite (%)

e WY
0 L T T T

T T T

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Depth (mm)

Figure 5.2a Retained austenite profiles for the carbonitrided (PC-1) and nitrocarburized torque
converter pistons (PNs;g-1, PNsgs-3 and PNgys-2).
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Figure 5.2b Retained austenite profiles for the nitrocarburized torque converter pistons (PNsy -1,
PN;sgs-3 and PNgys-2) from the surface to a depth of 0.25 mm.

5.1.3 Understanding the Presence of Retained Austenite in Surface Treated Steels
Since the carbonitriding process takes place in the austenitic phase field of the

steel, the higher percentages of retained austenite in NCR-C10 and PC-1 were not
unexpected. According to the literature [31, 40], the presence of retained austenite can be
attributed to the following principal factors - chemical composition, austenitizing
temperature, the lowest temperature to which the hardened specimen is cooled, and the
cooling rate from the austenite phase field. As mentioned earlier, the diffusion of carbon
and nitrogen into the surface of the steel are also contributing factors; both are known to
depress the M; temperature and cause the austenite to be retained within the steel [71]. Of
all the alloying elements, carbon promotes the greatest retention of austenite during
quenching and is especially unfavourable in carbon and low alloy steels [31, 42].
Eliminating the presence of retained austenite in the steel requires cooling the
workpiece below the My temperature. Because this temperature generally falls below

room temperature in many hardenable steels [40], cryogenic cooling is often required.
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Because neither the carbonitrided C-rings nor the pistons were cooled to such extremely
low temperatures, the presence of retained austenite at the surface is expected.

The effect of processing temperature on retained austenite content is apparent not
only between the carbonitriding and nitrocarburizing processes, but also when comparing
the volume of retained austenite between the nitrocarburized pistons. The higher the
process temperature, the more retained austenite present in the final component. In
comparing the carbonitriding and nitrocarburizing processes, the lower retained austenite
content in the nitrocarburized samples is attributed to the lower processing temperatures,
and consequently the lack of phase transformation to and from austenite. The effect of
process temperature was even evident in the absence of a phase transformation. A closer
look at the retained austenite profiles of the nitrocarburized pistons from groups PNsjg,
PNis¢s, and PNgos is presented in Figure 5.2b. Results here Show that even small variations
in process temperature (40-55 °C) appear to affect the volume of retained austenite; the
higher the process temperature, the higher the retained austenite content measured. It is
considered that this increase is the result of increased diffusion rates of carbon and
nitrogen into the surface of steel [18]. As discussed earlier, carbon influences the amount
of retained austenite in steel; nitrogen acts as an austenite stabilizer by reducing both the
transformation temperature and transformation rate of the austenite and by preventing the

formation of the more stable martensitic structure.

5.2 Residual Stress
Residual stress values were also determined by means of XRD using CrKa X-ray

radiation to measure the lattice deformations on the {211} diffraction planes of the
martensite peak. Stresses in both the Navy C-rings and torque converter pistons were
measured at multiple locations, extending from the surface of the steel inward through the
case. The residual stress values for the carbonitrided and nitrocarburized Navy C-rings
and torque converter pistons are provided in Tables 5.3, 5.4, 5.5, and 5.6. The depth
values, mm, represent the location of the residual stress measurements with respect to the

surface of the Navy C-rings and torque converter pistons.

70



5.2.1 Navy C-rings
Surface Residual Stresses:

Surface residual stresses, Table 5.3, were measured during the preliminary phase
of the study and used in the initial Comparison between the carbonitriding and
nitrocaburizing processes. Values of -262 MPa and -97 MPa were measured at the
surface of NCR-N2 and NCR-C10, respectively. While these preliminary findings led to
the initial assumption that compressive residual stresses were higher in nitrocarburized

steels, the residual stress profiles of the Navy C-rings revealed otherwise.

Residual Stress Profiles:
The residual stress profiles for the nitrocarburized and carbonitrided Navy C-rings

are shown in Figure 5.3. Hoop and axial stresses were measured at eleven locations,
extending inward from the surface to a depth of approximately 2.5 mm. For NCR-N2, the
maximum compressive residual stresses were measured at the surface; values of -241
MPa and -290 MPa for hoop and axial stresses were reported. For NCR-C10, maximum
compressive stresses were not measured at the surface of steel but rather at a depth of

0.5080 mm. Hoop and axial stresses measured -352 MPa and -427 MPa, respectively.

Table 5.3 Surface residual stress values for the Navy C-rings and torque converter pistons.

Surface Residual Stress (MPa)

Nitrocarburizing Carbonitriding
Navy C-ring -262 -97
Torque Converter Piston 117 =207
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Table 5.4 Residual stresses measurements for the Navy C-ring specimens. Measurements were made
from the ‘bottom’ position of the C-ring inward through the case to a depth of approximately 2.5
mm. (a) NCR-C10 (b) NCR-N2. .

Carbonitriding (NCR-C10)

Depth (mm) Residual Stress (MP'a)

Hoop Stress Axial Stress
0.0000 -110.32 + 14 -151.68 = 21
0.0127 -144.79 + 34 -117.21 + 21
0.0254 -220.63 + 21 -193.05 + 14
0.0737 -220.63 + 21 -193.05 + 21
0.1295 -248.21 + 41 -268.90 + 21
0.2718 -337.84 + 28 -399.90 + 21
0.5080 -351.63 £ 7 -42747 + 14
1.0160 -172.37 = 7 -268.90 + 14
1.4732 -89.63 + 14 -23442 + 14
2.0320 -27.58 + 17 -137.90 + 14
2.6416 3447 =7 -41.37 £ 14

(a)
Nitrocarburizing (NCR-N2)
Depth (mm) Residual Stress (MP.a)

Hoop Stress Axial Stress
0.0000 -241.32 £ 21 -289.58 + 7
0.0127 -158.58 + 21 -179.26 = 21
0.0254 -151.68 + 14 -158.58 + 28
0.0737 -158.58 + 21 -158.58 + 14
0.1397 -241.32 + 21 -234.42 + 21
0.2413 -158.58 + 14 -144.79 + 21
0.5080 -55.16 =+ 7 -55.16 = 14
1.0160 -20.68 = 14 -41.37 + 14
1.4986 -6.89 + 14 20.68 + 14
1.9812 0.00 = 21 -6.89 = 14
2.4892 -20.68 = 21 -20.68 * 14

(b)
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Figure 5.3 Residual stress profiles for the carbonitrided and nitrocarburized Navy C-ring specimens,
NCR-C10 and NCR-N2, respectively.

5.2.2 Torque Converter Pistons
Surface Residual Stresses:

Surface residual stresses were also used in the preliminary comparison between
the carbonitriding and nitrocarburizing processes. Stresses were measured in two pistons,
one from group PC and the other from PNsgs; values of -207 MPa and +117 MPa were
reported for PC-1 and PNsgs-2, respectively. To confirm the presence of tensile stresses at
the surface of the nitrocarburized steel, an additional residual stress measurement was
made on the surface of PNsgs-3 and a value of +103 MPa was reported. According to
Kolozsvéary [56], data in the literature show a wide range of values for residual stresses,
[in nitrided and nitrocarburized steels, however,] it is generally agreed that tensile
stresses appear in the ¢ compound layer but are sometimes not detected due to technical
difficulties with XRD. Because the compound layer is so thin, the x-rays often penetrate
beyond the surface, returning values of compressive residual stress from deeper within

the case.
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To isolate the residual stresses in the compound layer of the nitrocarburized
pistons, further testing was performed, this time using the {302} reflection from the iron
nitride (Fe3N) phése. ‘"The x-ray diffractometer was operated at 22 kV and 5 mA with
CrKa radiation. Surface residual stresses were measured on the lockup surface of eight of
" the ten torque converter pistons from group PNsjo. These surface residual stress values,
all tensile, are shown in Table 5.5. In their paper entitled ‘Measurement and Analysis of
Residual Stress in g-Phase Iron Nitride Layers as a Function of Depth’, T.R. Watkins et
al. [72] found, using both vy tilt and grazing incidence x-ray diffraction methods, that the
residual stresses in g-phase layer of the nitrided steel were tensile and varied within the
first 2 pm of the 10 pm layer. Using standardized hole drilling techniques (ASTM E 837),
V. Leskovsek er al. [73] found tensile residual stresses at the surface of H11 tool steel

nitrocarburized for 8 h at 580°C.

Table 5.5 Surface residual stress values for the torque converter pistons from group PNs,.

Surface Residual Stress (MPa)
Group PN;,,
Sample No. Residual Stress (MPa)

2 138 = 55
3 179 + 41
4 117 + 41
5 214 = 41
6 110 = 48
7 152 x 34
9 76 = 41
10 103 = 55
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Residual Stress Profiles:
The residual stress profiles of the carbonitrided and nitrocarburized pistons are

shown in Figure 5.4. Hoop stresses were measured at ten locations extending from the
lockup surface to a depth of approximately 2 mm. Overall, maximum compressive
residual stresses were measured in the carbonitrided steel. For PC-1, a value of -352 MPa
was measured at a depth of 0.0762 mm from the surface. The nitrocarburized pistons,
PN5s10-1, PNsgs-3, and PNggs-2, were noted to give rise to overall lower compressive stress
values than those found in PC-1; their maximum compressive residual stress values were
- measured closer to the surface of the steel. It should also be noted that because the
residual stresses were measured using the {211} diffraction planes of the martensite peak
instead of the {302} reflection from the iron nitride (FesN) phase, it is not known for
certain whether of not the surface stresses measured in the nitrocarburized pistons are an

accurate representation of the actual stresses at the surface of the steel.

Table 5.6 Residual stress values for the torque converter pistons. Measurements were made from the
lockup surface inward through the case to a depth of approximately 2 mm.

Residual Stress Content (MPa)

PC, Sample 1 PN-510, Sample 1 PN-565, Sample 3 PN-605, Sample 2
Depth (mm) RS (MPa) |Depth (mm) RS (MPa) |Depth (mm) RS (MPa) {[Depth(mm) RS (MPa)
0.0000 -214 * 14 0.0000 -28 £ 14 0.0000 28 + 21 0.0000 -248 = 69
0.0127 -276 + 21 0.0127 -90 + 28 0.0127 -28 =21 0.0127 214 =21
0.0279 -338 + 21 0.0305 21 + 28 0.0254 7+ 14 0.0254 -48 + 21
0.0762 -352 £ 21 0.0711 21 =28 0.0660 7 21 0.0838 76 + 21
0.1346 -338 + 21 0.1422 -34 x 21 0.1270 14 =28 0.1549 =21 = 14
0.2489 -124 £ 7 0.2565 41 + 21 0.2413 21 £21 0.2438 34 £ 21
0.5410 179 = 21 0.5182 -34 = 28 0.5309 0+14 0.4953 -28 * 21
1.0109 159 =+ 41 0.9931 41 + 28 1.0287 21 = 28 1.0693 55 =28
1.5215 0 +28 1.6129 -7 £ 28 1.5342 7 28 1.5443 -34 =28
2.0371 -138 + 28 2.0142 -83 = 28 2.0066 -34 £ 21 2.0066 7 +34
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Figure 5.4 Residual stress profiles for the carbonitrided and nitrocarburized torque converter
pistons from groups PC, PNs;g, PNsgs, and PNgs. (a) 0 - 2.25 mm
(b) 0 - 0.25 mm.
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5.2.3 Relationship Between Retained Austenite Content and Residual Stress Values
The shape of the residual stress profiles for NCR-C10 and PC-1 were consistent

with findings in literature for correctly carburized and hardened steel [6]. The maximum
residual stress value was not measured at the surface of the steel, but rather at some
distance below it. It is the high levels of retained austenite at the surface of the steel that
are believed be a contributing factor. Retained austenite lowers the compressive yield
strength of martensitic/austenitic structures [6], giving rise to lower residual stresses than
those developed during a complete martensitic transformation [6]. Figure 5.5 plots the
residual stress and retained austenite profiles for NCR-C10. This plot provides a clear
example of the relationship between compressive residual stress and retained austenite.
The maximum compressive residual stress is not measured at the surface of the steel,
where the retained austenite content is high, but rather at a distance below the surface,
corresponding to a lower retained austenite content. Similar results have also been
reported for in-service carburized 8720 steel bearings run at an overload condition of 1 x
10° and 2 x 10° cycles [40]. In comparing the percentage of retained austenite for the as
hardened and tempered condition against the results for the bearings tested in overload
conditions, it was reported that as the time in overload increased, the percentage of
retained austenite decreased. The newly formed martensite resulted in higher

compressive residual stresses measured in the steel.

0.00 0.25 0.50 0.75 1.00 1.25

0 . . T | 25.0
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Figure 5.5 Residual stress versus retained austenite in carbonitrided steel; NCR-C10.
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RESULTS AND DISCUSSION

VL. EFFECT OF HEAT TREATMENT ON THE CASE AND CORE
MICROSTRUCTURES OF PLAIN CARBON STEEL

This section presents optical micrographs of the case and core microstructures for
carbonitrided and nitrocarburized plain carbon steels. Selected Navy C-rings and torque
converter pistons from each heat treatment group were cut, mounted, polished, and
examined using optical and scanning electron microscopy (SEM) to determine the

structure of the case formed.

6.1 Case and Core Micrographs
Figures 6.1 — 6.5 show the case and core microstructures for the Navy C-rings and

torque converter pistons. The Navy C-rings were machined from hot-rolled bars of SAE
1020 steel and are presented in Figure 6.1 and 6.2. The torque converter pistons were
stamped from cold-worked sheets of SAE 1010 steel and are presented in Figure 6.3 , 6.4,
and 6.5.

Carbonitriding:
Figure 6.1 and 6.3 show the optical micrographs of carbonitrided SAE 1020 and

SAE 1010 steel, respectively. Despite their difference in chemical composition, process
time, and temperature, the structure of the SAE 1020 and SAE 1010 carbonitrided cases
appear similar; both consist of tempered martensite and retained austenite. The tempered
martensite is identified as the dark areas in the microstructure and the retained austenite
as the bright, white regions. The core of carbonitrided SAE 1020 steel consists mainly of
upper bainite, fine pearlite, and Widmanstatten ferrite.

Together with the retained austenite profiles in Section V, the micrographs in
Figure 6.1 and 6.3 also show evidence of the effect of carbon on the retained austenite
content in plain carbon steels. As discussed in Section V, carbon, more than any other
alloying element, has the greatest effect on retained austenite content. For this reason, it
was not surprising that the SAE 1020 steel was associated with a larger amount of

retained austenite at the surface and subsurface steel.
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Nitrocarburizing:

Optical micrographs of the case and core microstructures of the nitrocarburized
SAE 1020 and 140‘1(') stéel are shown in Figure 6.2, 6.4, and 6.5. In comparing the
compound layer and ‘diffvusion zone for each of the microstructures, similarities were
noted in the SAE 1020 and SAE 1010 steelS treated at process temperatures below 590
°C. For these specimehs, the structure of the case is consistent with what is expected for
nitrocarburized plain carbon steel [74] - a compound layer at the surface believed to
contain epsilon (g) iron carbonitride and an underlying diffusion zone consisting of
gamma prime (y’) needles (FesN) in a ferrite matrix. The main difference between the
steels was with respect to the structure of the ferrite matrix; for the SAE 1020 steel, in
addition to y’ needles, pearlite was also present.

At process temperatures above 590 °C, Figure 6.5, there are differences in the
microstructure with respect to both the compound layer and diffusion zone. At this
temperature the overall quality of the compound layer of piston is poor. Not only is
porosity visible, but it also appears as though the compound layer has detached from the
surface of the piston. Differences in the diffusion zone are also evident. The abundance of
gamma prime needles seen in the microstructures of Figure 6.2 and 6.4 are absent;
instead, in their place, a darker phase suspected to be Braunite; an SEM micrograph is
shown in Figure 6.6. -‘The presence of the Braunite phase beneath the compound layer is
in agreement with previously reported results for nitrocarburized steels heat treated
between the eutectoid (A;) of the Fe-N phase diagram and the corresponding point in the
Fe-C system [70]. According to Fry [23], at temperatures above 500 °C, gamma prime
needles begin to dissolve and by 590 °C are completely dissociated within the matrix.
The slow cooling of nitrocarburized steels above 590 °C results in the eutectoid
transformation of austenite to this ferrite and y’ nitride phase [22, 70].

The microstructures of the torque converter pistons from each of the five heat
treatment groups were compared. Because the pistons processed at temperatures above
590 °C were associated with development of porosity and detachment of the compound

layer, the use of processing temperatures greater than this is not recommended.
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(a) . (b)

Figure 6.1 NCR-C10: SAE 1020 steel, carbonitrided 4 h at 845 °C, oil quenched, and tempered for 1
h at 165 °C. (a) Microstructure at the case. Structure is tempered martensite and retained austenite.
(b) Microstructure at the core. Structure is upper bainite, fine pearlite, and Widmanstatten ferrite.
2% Nital etch.

(a) (b)

Figure 6.2 NCR-N2: SAE 1020 steel, nitrocarburized 8 h at 565 °C, furnace cooled using nitrogen to
370 °C, and air cooled to room temperature. (a) Microstructure at the case. Structure is a white layer
of epsilon (g) iron carbonitride and an underlying diffusion zone containing Fe,N. (b) Microstructure
at the core. Structure is a-ferrite and pearlite. 2% Nital etch.
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- Figure 6.3 PC-1: SAE 1010 steel, carbonitrided 90 min at 870 °C, oil quenched, and tempered.
Structure is tempered martensite and retained austenite. 2% Nital etch.

Figure 6.4 Nitrocarburized steel, furnace-cooled using nitrogen to 370 °C, and air cooled to room
temperature. a) PNs;4-8: SAE 1010 steel, nitrocarburized 14 h at 510 °C, b) PNs4-7: SAE 1010 steel,
nitrocarburized 10 h at 540 °C, ¢) PNs4s-7: SAE 1010 steel, nitrocarburized 5 h at 565°C, and d)
PNsos-1: SAE 1010 steel, nitrocarburized 2.5 h at 595°C. Structure is a white layer of epsilon (g) iron
carbonitride and an underlying diffusion zone containing Fe,N. 2% Nital etch.
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Figure 6.5 PNgs-1: SAE 1010 steel, nitrocarburized 2 h at 605 °C, furnace-cooled using nitrogen to
370°C, and air cooled to room temperature. 2% Nital etch.

@ )

Figure 6.6 Braunite (SAE 1010 steel, nitrocarburized at 605 °C for 2 h, furnace cooled using nitrogen
to 370°C, and air cooled to room temperature). a) SEM micrograph PNgys-1 showing the compound
layer, Braunite, and only a small amount of gamma prime (y’) nitride. b) SEM micrograph of the
Braunite phase. 2% Nital etch.
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6.2 Growth Direction in Nitrocarburized Steel
To confirm the surface growth in gaseous ferritic nitrocarburized steel, coupons

were cut from a sheet of normalized SAE 1010 steel and masked on both ends using
Acheson Nitrosfop N4. Ff)llowing heat treatment, the coupons were mounted, polished,
and examined using optical microscopy.

The optical micrograph in Figure 6.7 shows the formation of the compound layer on
an unmasked section of the coupon. In Figure 6.8, the micrograph showing both the
masked and unmasked sections of the coupon confirms that compound layer is not
‘plated’ onto the surface of the steel, but instead appears to grow inward from the surface.
Both the original surface and compound layer are visible in this micrograph; the case
depth of the white layer extends from the original surface down into the coupon to a
depth of approximately 10 pm. This analysis confirms that the white layer does not form
on the surface of the steel, but rather at the surface and just below it as a result of the

diffusion of carbon and nitrogen.

Figure 6.7 Optical micrograph of an unmasked section of the nitrocarburized SAE 1010 steel coupon.

2% Nital etch.
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Figure 6.8 Optical micrograph of the nitrocarburized SAE 1010 steel coupon near the masked
section. Both the original surface of the steel and white layer is shown. 2% Nital etch.
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VII. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The primary focus of this study was to investigate the potential of gaseous ferritic
nitrocarburizing as a replacement for the carbonitriding process. The Chrysler Toledo
Machining Plant currently uses carbonitriding to impart a hard, wear resistance case on
the surface of automotive torque converter pistons. Because ferritic nitrocarburizing takes
place in the absence of a phase transformation, it is associated with minimal distortion
compared to the carbonitriding process; and as a result, it has the potential to improve
manufacturing through the elimination of unnecessary production time and cost.

The carbonitriding and nitrocarburizing processes were compared quantitatively
in terms of size and shape distortions, retained austenite content, and residual stress
values, and qualitatively in terms of the structure and quality of the cases formed.
Because minimizing distortion was one of the key objectives, it was important that the
aforementioned factors be studied in order to determine whether or not further

investigation into gaseous ferritic nitrocarburizing was necessary.

7.1 Conclusions
The following conclusions were drawn based upon the experimental results gathered

during this study.
1. While both processes were associated with size and shape distortions,
carbonitriding was noted to give rise to larger overall distortion values in the
Navy C-rings. In comparing the distortion of the C-rings from groups NCR-C and
NCR-N, those from the former exhibited larger changes in both size (OD, ID, gap
width, and thickness) and shape (flatness and roundness). The distortion
associated with the carbonitriding process can be attributed to the phase changes
as well as the thermal and transformation stresses developed upon quenching. For
the nitrocarburized C-rings, because of the lack of phase transformation and its
associated transformation stresses, size and shape distortion values, with the

exception of cylindricity, were smaller.
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2. In general, the average values for both size and shape distortion were smaller in
the nitrocarburized pistons. The magnitude of the distortion of the OD and ID was
similar between the two processes, yet the carbonitrided steel exhibited larger
variability in the results. After carbonitriding, the OD and ID showed both
positive and negative deviation from the initial measurements taken prior to heat
treatment; that is, while dimensional changes in the OD (-7.5 mm) and ID (-11
mm) taken closest to the lockup surface decreased, dimensional changes in OD (-

21.5 mm) and ID (-15 mm) further from the lockup surface increased.

The severity of the shape distortion was larger, particularly in the carbonitrided
pistons. In comparing the total flatness and taper values of the processes, the
carbonitrided pistons exhibited larger changes than those treated using

nitrocarburizing.

3. Results from this study were successful in showing the influence of processing
temperature on the presence of retained austenite at the surface of the
carbonitrided and nitrocarburized steel. Levels of retained austenite were highest
in the carbonitrided steels; 23.0% and 11.8%, were measured in the Navy C-ring

(NCR-C10) and torque converter piston (PC-1), respectively.

A relationship between process temperature and retained austenite was evident
within the sample of nitrocarburized pistons. Comparing the torque converter
pistons from groups PNs;9, PNses, and PNgos, the largest retained austenite content

was measured in those pistons treated at higher processing temperatures.

4. In a comparison of the residual stresses in carbonitrided and nitrocarburized steel,
overall higher compressive residual stresses were measured in former. Maximum
values measured -352 and -427 MPa for hoop and axial stresses in NCR-C10 and

-352 MPa for the hoop stress in PC-1. In both cases, maximum residual stress
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values were not measured at the surface of the steel, but instead at some distance

inward, 0.5080 mm and 0.0762 mm for the NCR-C10 and PC-1, respectively.

The location of the maximum residual stress in the carbonitrided steel appears to
show dependency upon retained austenite content. Maximum compressive
stresses in the steel were not measured at the surface, where retained austenite
content was highest, but instead were measured at distances below the surface
associated with a lower retained austenite content. While this relationship is
clearly demonstrafed in Figure 5.5, the nitrocarburized steels failed to demonstrate
a similar result due in part to the inaccuracy of the method used to obtain the

residual stress profiles, particularly within the compound layer.

Based upon the surface residual stress measurements of the pistons from group
PNsjp, it is believed that the nitrocarburizing process is associated with the
development of tensile stresses at the surface and within the compound layer. The
effect of tensile stresses on the wear properties of low carbon steel is not yet
known. Additional testing is required to study this effect on the wear of the torque
converter pistons and determine whether or not the surface properties of

nitrocarburized steel meet the expectations of the manufacturer.

The direction of growth of the nitrocarburized layer into the surface of the steel
was confirmed. These results, together with those from literature [30, 66], which
discuss the effect of thermal stresses on size distortion, can be used to explain the
distortion associated with the nitrocarburized Navy C-rings. These results help
confirm that the dimensional changes in nitrocarburized steel relate more to

changes in thermal stresses than case formation.

The variability in the size and shape distortion values was larger in the
carbonitrided Navy C-rings and torque converter pistons. Such results suggest that

the use of the nitrocarburizing process may be beneficial in allowing
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manufacturers to achieve a more consistent product. With less variability in part
dimensions after heat treatment, it is possible that designers and engineers can
predict and account for part distortion during the design stage of the

manufacturing process.

7.2 Summary of Conclusions
The conclusions of this research support the potential of gaseous ferritic

nitrocarburizing to replace the current carbonitriding‘ process. Ferritic nitrocarburizing is
associated with smaller size and shape distortions after heat treatment; the lower retained
austenite content at the surface helps to reduce the likelihood of additional distortion
linked to the transformation to martensite. Although the findings support the use of the
ferritic nitrocarburizing process as a means of reducing part distortion, the effect of
surface tensile stresses on the wear properties is not yet known. As a result, full support
of this process cannot be granted until actual wear tests are performed to determine
whether the surface of nitrocarburized steel is capable of withstanding the light loads

experienced by the pistons while in service.

7.3 Recommendations for Future Work
Recommendations to help improve the accuracy of the results have been outlined

below. Also included are suggestions for further testing which can be performed to help
determine the potential of ferritic nitrocarburizing as a replacement to the current

carbonitriding process.

Recommendations to Improve the Accuracy:
1. When comparing the heat treatment processes, it is important that the sample

sizes of the groups are equal to one another. For this study increasing the sample
size of group PC from three to ten is necessary. Increasing sample size would
increase the precision of the mean and standard deviation helping to more

accurately compare the two processes.

2. Increase the number of controlled variables (i.e. maintain the same heat treatment

time for both the carbonitrided and nitrocarburized Navy C-rings). More control
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over the variables will help to determine which factors most influence the

behaviour of the steel during heat treatment.

Re-determine the residual stfess profiles such that the values for the surface stress
are more accurately reflected in the nitrocarburized steels. It is suggested that the
{302} iron nitride peak be used to calculate the residual stresses in the compound
layer and the {211} martensite peak be used for the diffusion zone and substrate.
A more accurate representation of the residual stress profile in nitrocarburized
steel can then be used to determine whether or not a relationship between

retained austenite content and residual stress exists.

Recommendations for Future Work:

1.

Perform wear tests to simulate the movement of the retainer ring springs against
the lockup surface of a torque converter piston. These tests would allow for a
comparison of wear at the surface of the carbonitrided and nitrocarburized pistons

in a light loading application.

Analyze the cost implications associated with the replacement of the current
carbonitriding process with gaseous ferritic nitrocarburizing. In particular, do the
savings associated with minimizing part distortion justify the capital, operational,

and residual costs of implementing the new process?

Determine the carbon and nitrogen profiles to improve understanding the

distortion, residual stress, and retained austenite values.

Investigate austenitic nitrocarburizing and the formation of Braunite to further

understand the distortion resulting from the nitrocarburizing process.

89



APPENDIX A

Navy C-ring Size Distortion (OD, ID, Gap Width and Thickness)

Outer Diameter
~ As Received Heat Treatment Ehange in Diameter (mm) % Change
1 50.8089 ] 50,8302 . ..0.0213 . _..0.0418
2 50.7724 ] . 50.7928 , 0.0204 o 0.0402
i 3 50.7940 50.8147 0.0207 0.0408
3 4 50.7836 50.8034 0.0198 0.0390
=15 50.7928 50.8130 0.0202 0.0398
3 [¢] 50.7749 50.7954 0.0205 0.0404
;_"; 7 50.7839 50.8055 0.0216 0.0425
o8 50.7778 50.7977 0.0199 0.0392
-"z= 9 50.8228 50.8449 0.0221 0.0435
10 50.7701 50.7905 0.0204 0.0402
Average Change: . 0.0207 . ) 0.0407

Standard Deviation: 0.0007 0.0015
1 50.7824 50.8511 0.0687 0.1353
2 50.7909 50.8618 0.0709 0.1396
3 50.7502 50.8199 0.0697 0.1373
T4 50.7780 50.8488 0.0708 0.1394
TI5 50.8111 50.8720 0.0609 0.1199
£|s 50.7949 50.8662 0.0713 0.1404
5|7 50.8168 50.8875 0.0707 0.1391
21s 50.7916 50.8531 0.0615 0.1211
S 9 50.8043 50.8763 0.0720 0.1417
10 50.7761 50.8424 0.0663 0.1308
Average Chang_;e: 0.0683 0.1344
Standard Deviation: 0.0041 0.0080

Inner Diameter

(Diameter_ID-1)

As Received | Heat Trg_atmeni Change n Diameter (mm) % Chang_;e

1 31.7488 31.7536 0.0048 0.0151
2 31.7735 31.7776 0.0041 0.0129
- 3 31.7714 31.7751 0.0037 0.0116
o 4 31.7504 31.7538 , 0.0034 0.0107
E 5 31.7548 31.7598 0.0050 0.0157
als 31.7607 31.7660 0.0053 0.0167
‘g 7 31.7570 31.7636 0.0066 0.0208
ols 31.7694 31.7729 0.0035 0.0110
-§ 9 31.7461 31.7508 0.0047 0.0148
10 31.7684 31.7723 0.0039 0.0123
Aver§g50hange: 0.0045 0.0142
Standard Deviation: 0.0010 0.0031
1 31.7713 31.8344 0.0631 0.1986
2 31.7784 31.8412 0.0628 0.1976
3 31.7687 31.8291 0.0604 0.1901
g 4 31.7481 31.8122 0.0641 0.2019
Bl5 31.7558 31.8085 0.0527 0.1660
Els 31.7639 31.8326 0.0687 0.2163
S 7 31.7581 31.8214 0.0633 0.1993
B 31.7727 31.8208 0.0481 0.1514
8 9 31.7458 31.8171 0.0713 0.2246
10 31.7674 31.8274 0.0600 0.1889
Average Change: 0.0615 0.1935
Standard Deviation: 0.0069 0.0216
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inner Diameter
(Diameter_ID-2)

As Received Heat Treaiment | Change m Diameter (mm) % Change
1 31.7503 31.7541 - 0.0038 0.0120
2 31.7663 31.7693 0.0030 0.0094
o 3 31.7676 31.7709 0.0033 0.0104
8 4 31.7454 31.7484 0.0030 0.0095
g 5 31.7528 .31.7562 0.0034 0.0107
al6 31.7499 31.7534 0.0035 0.0110
gz 31.7626 31.7669 0.0043 0.0135
o]8 31.7628 31.7659 0.0031 0.0098
-§ 9 31.7443 31.7481 0.0038 0.0120
10 31.7616 31.7647 0.0031 0.0098
Average Change: 0.0034 0.0108
andard Deviation: 0.0004 0.0013
1 31.7615 31.8123 0.0508 0.1599
2 31.7726 31.8242 0.0516 0.1624
3 31.7633 31.8123 0.0490 0.1543
g 4 31.7459 31.7967 0.0508 0.1600
k=3 K3 31.7485 31.7853 0.0368 0.1159
=]se 31.7640 31.8180 0.0540 0.1700
5 7 31.7480 31.7986 0.0506 0.1594
B 31.7630 31.8007 0.0377 0.1187
SIe 31.7388 31.7933 0.0545 0.1717
10 31.7641 31.8095 0.0454 0.1429
Average Change: 0.0481 0.1515
Standard Deviation: 0.0063 0.0197
Inner Diameter
{Diameter_ID-3)
As Received Heat Treatment | Change in Diameter (mm) % Change
1 31.7523 31.7572 0.0049 0.01 54-
2 31.7718 31.7758 0.0040 0.0126
- 3 31.7695 31.7741 0.0046 0.0145
ﬁ 4 31.7538 . 31.7580 0.0042 0.0132
=15 31.7528 31.7564 0.0036 0.0113
_?_ 6 31.7462 31.7502 0.0040 0.0126
3 7 31.7659 31.7709 0.0050 0.0157
o018 31.7663 31.7706 0.0043 0.0135
§ 9 31.7519 31.7576 0.0057 0.0180
10 31.7655 31.7697 0.0042 0.0132
Average Change: 0.0045 0.0140
andard Deviation: 0.0006 0.0019
1 31.7630 31.8263 0.0633 0.1993
2 31.7721 31.8362 0.0641 0.2017
3 31.7618 31.8246 0.0628 0.1977
'g 4 31.7528 31.8145 0.0617 0.1943
BI5 31.7477 31.7908 0.0431 0.1358
=[s 31.7597 31.8235 0.0638 0.2009
S 7 31.7469 31.8065 0.0586 0.1846
g 8 31.7677 31.8186 0.0509 0.1602
Q9 31.7422 31.8039 0.0617 0.1944
10 31.7676 31.8207 0.0531 0.1672
Average Change: 0.0583 0.1836
Standard Deviation: 0.0070 0.0221
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Gap Distance .

Gap Distance-Top

As Received Heat Treatment Change '?’ﬁ:")’ Distance % Change

1 6.3628 6.3527 -0.0101 -0.1587
2 6.3949 6.3867 -0.0082 -0.1282
o 3 6.3984 6.3930 -0.0054 -0.0844
aN> 4 6.3701 6.3604 -0.0097 -0.1523
g 5 6.3927 6.3854 -0.0073 -0.1142
alse 6.3831 6.3777 -0.0054 -0.0846
517 6.3777 6.3723 -0.0054 -0.0847
ol8 6.3738 6.3662 -0.0076 -0.1192
E 9 6.3660 6.3586 -0.0074 -0.1162
10 6.3795 6.3707 -0.0088 -0.1379
Average Change: -0.0075 -0.1181

Standard Deviation: 0.0017 0.0273

1 6.3654 6.5320 0.1666 2.6173

2 6.3758 6.5490 0.1732 2.7165

3 6.3743 6.5464 0.1721 2.6999
o4 6.3753 6.5369 0.1616 2.5348
215 6.3816 6.5093 0.1277 2.0011
=16 6.3805 6.5572 0.1767 2.7694
g 7 6.3536 6.5104 0.1568 2.4679
218 6.3937 6.5396 0.1459 2.2819
8 9 6.3535 6.5417 0.1882 2.9621
10 6.3613 6.5313 0.1700 2.6724
Average Change: 0.1639 2.5723

Standard Deviation: 0.0171 0.2714

Gap Distance
Gap Distance-Middie
As Received Heat Treatment Change "}::3 Distance % Change

1 6.3698 6.3630 -0.0068 -0.1068

2 6.3928 6.3846 -0.0082 -0.1283

o 3 6.3944 6.3861 -0.0083 -0.1298
] 4 6.3314 6.3152 -0.0162 -0.2559
=15 6.3763 6.3652 -0.0111 -0.1741
2ls 6.3770 6.3682 -0.0088 -0.1380
g 7 6.4045 6.3993 -0.0052 -0.0812
els 6.3761 6.3684 -0.0077 -0.1208
§ 9 6.3932 6.3889 -0.0043 -0.0673
10 6.3772 6.3673 -0.0099 -0.1552
Average Change: -0.0087 -0.1357

Standard Deviation: 0.0033 0.0528

1 6.3742 6.5555 0.1813 2.8443

2 6.3818 6.5609 0.1791 2.8064

3 6.3670 6.5482 0.1812 2.8459

B 4 6.4101 6.5910 0.1809 2.8221
Bls5 6.3935 6.5261 0.1326 2.0740
=|s 6.3880 6.5680 0.1800 2.8178
517 6.3858 6.5591 0.1733 27138
g 8 6.3729 6.5263 0.1534 2.4071
ol9 6.3675 6.5502 0.1827 2.8693
10 6.3962 6.5657 0.1695 2.6500
Average Change: 0.1714 2.6851

Standard Deviation: 0.0163 0.2558
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Gap Distance
Gap Distance-Bottom
As Received | Heat Treatment Change '?'ﬁ;'; Distance % Change
1 6.3820 6.3767 -0.0053 -0.0830
2 6.3824 6.3761 -0.0063 -0.0987
1o 3 6.3826 6.3771 ] _-0.0055 i -0.0862
9 4 6.3539 6.3492 -0.0047 -0.0740
g 5 6.3729 6.3589 - -0.0140 -0.2197
x] 6 6.3664 6.3601 -0.0063 -0.0990
g 7 6.3850 6.3800 -0.0050 -0.0783
‘o18 6.3809 6.3753 -0.0056 -0.0878
§ 9 6.3874 . 6.3796 -0.0078 -0.1221
10 6.3883 6.3779 -0.0104 ' -0.1628
Average Change: ~0.0071 -0.1112
Standard Deviation:] ______ 0.0030 0.0463
1 6.3729 6.5475 0.1746 2.7397
2 6.3815 6.5546 0.1731 2.7125
3 6.3586 6.5325 ~ 0.1739 ] 2.7349
.3 4 6.3972 6.5696 0.1724 2.6949
D15 6.3592 6.4902 0.1310 2.0600
sle 6.3916 6.5656 0.1740 2.7223
8 7 6.3771 6.5522 0.1751 2.7458
'ng 8 6.3760 6.5328 0.1568 2.4592
ols 6.3777 6.5560 . 0.1783 2.7957
10 6.3797 6.5461 0.166_4 2.6051(_3
Average Change: 0.1676 2.6273
Standard Deviation: 0.0142 0.2206
Thickness
Thickness-1
As Received Heat Treatment Change "::::1'; Distance % Change
1 18.5498 18.5521 0.0023 0.0124
2 19.0627 19.0628 0.0001 0.0005
° 3 19.1364 19.1480 : 0.0116 0.0606
8 4 18.6082 18.6081 -0.0001 -0.0005
g 5 18.6470 18.8388 0.1918 1.0286
2 6 18.6456 18.6461 0.0005 0.0027
8 7 18.6672 18.6589 -0.0083 -0.0445
o8 19.0237 19.0241 0.0004 0.0021
-‘z= 9 18.5765 18.5719 -0.0046 -0.0248
10 18.9760 18.9767 0.0007 0.0037
Average Change: 0.0194 0.1041
Standard Deviation: 0.0608 0.3259
1 19.0689 19.0588 -0.0101 -0.0530
2 19.1625 19.1507 -0.0118 -0.0616
3 19.0625 19.0547 -0.0078 -0.0409
'g 4 18.6218 18.6224 0.0006 0.0032
=3 B 18.6782 18.6652 -0.0130 -0.0696
£ls 19.0450 19.0304 -0.0146 -0.0767
S5I7 18.6544 18.6533 -0.0011 -0.0059
ﬁ 8 19.0858 19.0758 -0.0100 -0.0524
ol 18.4866 18.4958 0.0092 0.0498
10 19.0044 18.9925 -0.01 19 -0.06_26
Average Change: -0.0070 -0.0370
Standard Deviation: 0.0076 0.0402

93




Thickness

Thickness-2
As Received | Heat Treatment Chgnge "}rﬁ:“)’ Distance % Change
1 19.0688 19.0716 0.0028 0.0147
2 19.0366 19.0344 -0.0022 -0.0116
o 3 19.0331 19.0424 0.0093 0.0489
e 4 19.0648 19.0631 -0.0017 -0.0089
=15 19.1011 19.2930 0.1919 1.0047
,E 6 19.0845 19.0853 0.0008 0.0042
s 7 19.1016 19.0919 -0.0097 -0.0508
ol8 19.0436 19.0442 0.0006 0.0032
-'z= 9 19.1079 19.1023 -0.0056 -0.0293
10 19.0442 19.0425 -0.0017 -0.0089
) Average Change: 0.0184 0.0966
Standard Deviation: 0.0611 0.3201
1 19.0230 19.0251 0.0021 0.0110
2 19.0393 19.0259 -0.0134 -0.0704
3 19.0433 19.0380 -0.0053 -0.0278
-4 K 19.0986 19.1020 '0.0034 0.0178
-3 19.0792 19.0701 -0.0091 -0.0477
=ls 19.0691 19.0616 -0.0075 -0.0393
5|7 19.0638 19.0776 0.0138 0.0724
'\s 8 19.0460 19.0390 -0.0070 -0.0368
OLS 19.0904 19.1026 0.0122 0.0639
10 19.0844 19.0802 -0.0042 -0.0220
Average Change: -0.0015 20.0079
Standard Deviation: 0.0091 0.0478
Thickness
Thickness-3
As Received Heat Treatment Change ";::";‘; Distance % Change
1 19.5293 19.5320 0.0027 0.0138
2 19.1098 19.1072 -0.0026 -0.0136
o 3 19.0383 19.0474 0.0091 0.0478
8 4 19.4952 19.4928 -0.0024 -0.0123
=15 19.4382 19.6292 0.1910 0.9826
216 19.4035 19.4027 -0.0008 -0.0041
§ 7 19.3850 19.3752 -0.0098 -0.0506
o18 19.1469 19.1456 -0.0013 -0.0068
-§ 9 19.4539 19.4490 -0.0049 -0.0252
10 19.1787 19.1768 -0.0019 -0.0099
Average Change: 0.0179 0.0922
Standard Deviation: 0.0610 0.3139
1 19.0919 19.0876 -0.0043 -0.0225
2 19.0375 19.0319 -0.0056 -0.0294
3 19.1178 19.1166 -0.0012 -0.0063
'g 4 19.4228 19.4281 0.0053 0.0273
=2 I 19.4614 19.4573 -0.0041 -0.0211
=|s 18.9899 18.9807 -0.0092 -0.0484
E 7 19.4665 19.4729 0.0064 0.0329
218 19.0987 19.0919 -0.0068 -0.0356
8 9 19.5519 19.5627 0.0108 0.0552
10 19.0448 18.0372 -0.0076 -0.0399
Average Change: -0.0016 -0.0088
Standard Deviation: 0.0068 0.0352
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Navy C-ring Shape Distortion (Flatness, Cylindricity, and Roundness)

Flatness
As Received | Heat Treatment | Change in Diameter (mm) % Change
1 0.0016 0.0025 0.0009 56.2500
2 * 0.0038 i 0.0044 0.0006 : 15.7895
. 3 0.0033 0.0027 -0.0006 _-18.1818
g 4 0.0033 0.0020 ~0.0013 -39.3939
§ 5 0.0045 0.0044 -0.0001 -2.2222
£ 6 0.0023 0.0060 0.0037 160.8696
g 7 - 0.0027 0.0031 : ~ 0.0004 14.8148
(3 K] 0.0027 0.0028 0.0001 3.7037
§ 9 0.0033 0.0023 -0.0010 -30.3030
10 0.0034 0.0044 0.0010 29.4118
Average Change: 0.0004 19.0738
Standard Deviation: 0.0014 57.3083
1 0.0023 0.0082 0.0059 256.5217
2 0.0024 0.0062 0.0038 158.3333
3 0.0058 . 0.0067 N 0.0009 15.5172
g 4 0.0028 0.0075 0.0047 167.8571
:g 5 0.0037 0.0132 0.0095 256.7568
.'é 6 0.0020 0.0103 0.0083 415.0000
o7 0.0014 0.0165 0.0151 ~__1078.5714
'g 8 0.0047 0.0076 0.0029 61.7021
33 &) 0.0043 0.0151 0.0108 251.1628
10 0.0039 0.0138 0.0099 253.8_462
Average Change: 0.0072 291.5269
Standard Deviation: 0.0043 298.5527
Cylindricity_OD
As Received | Heat Treatment Change in Diameter (mm) % Ghange
1 0.0433 0.0534 0.0101 23.3256
2 0.0284 0.0398 0.0114 40.1408
o 3 0.0628 0.0722 0.0094 14.9682
] 4 0.0396 0.0479 0.0083 20.9596
g 5 0.0346 0.0452 0.0106 30.6358
£ 6 0.0280 0.0257 -0.0023 -8.2143
3 7 0.0347 0.0448 0.0101 29.1066
el8 0.0236 0.0336 0.0100 42.3729
'§ 9 0.0362 0.0449 0.0087 ) 24.0331
10 0.0312 0.0365 0.0053 16.9872
Average Change: 0.0082 23.4316
Standard Deviation:| 0.0040 14.3108
1 0.0331 0.0302 -0.0029 -8.7613
2 0.0488 0.0396 -0.0092 -18.8525
3 0.0326 0.0334 0.0008 2.4540
'B 4 0.0304 0.0269 -0.0035 -11.5132
,'g 5 0.0404 0.0397 -0.0007 -1.7327
.'é 6 0.0475 0.0456 -0.0019 -4.0000
cl7 0.0402 0.0380 -0.0022 -5.4726
g 8 0.0426 0.0396 -0.0030 -7.0423
ol9 0.0554 0.0555 0.0001 0.1805
10 0.0209 0.0233 0.0024 11.4833
Average Change: -0.0020 “4.3257
Standard Deviation: 0.0031 8.2602
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Roundness

Roundness-1

Change in Gap Distance

As-Received | Heat Treatment (mm) v % Change
1 0.0102 0.0087 -0.0015 -14.7059
2 0.0183 0.0151 -0.0032 -17.4863
- 3 0.0147 0.0153 0.0006 4.0816
e 41 0.0104 0.0104 0.0000 O.QOOO
E 5 0.0154 0.0144 -0.0010 -6.4935
£ 6 0.0108 0.0110 0.0002 1.8519
g 7 . 0.0107 0.0174 0.0067 62.6168
ols8 0.0146 0.0130 -0.0016 -10.9589
§ 9 0.0097 0.0107 0.0010 10.3093
10 0.0122 0.0153 0.0031 25.4098
i Average Ehange: 0.0004 5.4625
Standard Deviation: 0.0028 23.7553
1 0.0212 0.0265 0.0053 25.0000
2 0.0184 0.0218 0.0034 18.4783
3 0.0199 0.0194 -0.0005 -2.5126
'g 4 0.0230 0.0178 -0.0052 ' -22.6087
Bl5 0.0068 0.0249 0.0181 266.1765
=|s6 0.0152 0.0185 0.0033 21.7105
517 0.0074 0.0151 0.0077 104.0541
£1]s 0.0136 0.0202 0.0066 48.5294
8 9 0.0095 0.0166 0.0071 74.7368
10 0.0118 0.0263 0.0145 122.8814
Average Change: 0.0060 65.6446
Standard Deviation: 0.0067 84.0508
Roundness
Roundness-2
As Received Heat Treatment Change ";"?:S Distance % Change
1 0.0150 0.0142 -0.0008 -5.3333
2 0.0133 0.0122 -0.0011 -8.2707
. 3 0.0099 0.0132 0.0033 33.3333
[ 4 0.0174 0.0135 -0.0039 -22.4138
5 5 0.0129 0.0134 0.0005 3.8760
£ 6 0.0062 0.0100 0.0038 61.2903
8 7 0.0085 0.0176 0.0091 107.0588
ols 0.0123 0.0115 -0.0008 -6.5041
§ 9 0.0096 0.0089 -0.0007 -7.2917
10 0.0121 0.0132 0.0011 9.0909
Average Change: 0.0011 16.4836
Standard Deviation: 0.0036 40,0062
1 0.0282 0.0358 0.0076 26.9504
2 0.0206 0.0238 0.0032 15.5340
3 0.0212 0.0305 0.0093 43.8679
g 4 0.0146 0.0259 0.0113 77.3973
Bl5 0.0118 0.0341 0.0223 188.9831
=ls 0.0111 0.0196 0.0085 76.5766
5 7 0.0067 0.0180 0.0113 168.6567
'g 8 0.0100 0.0212 0.0112 112.0000
[+ K] 0.0122 0.0262 0.0140 114.7541
10 0.0156 0.0272 0.0116 74.3590
Average Change: 0.0110 89.9079
Standard Deviation: 0.0049 57.0706
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Roundness

Roundness-3

Change in Gap Distance

As Received - | Heat Treatment (mm) % Change

1 0.0109 0.0092 -0.0017 -15.5963

2 0.0131 0.0156 0.0025 19.0840

- 3 0.0121 0.0107 -0.0014 -11.5702
¢N> 4 0.0172 0.0119 -0.0053 -30.8140
g 5 0.0164 0.0129 -0.0035 -21.3415
a 6 0.0103 0.0106 0.0003 2.9126
S 7 0.0149 0.0222 0.0073 48.9933
ol8 0.0090 0.0132 0.0042 46.6667
§ 9 0.0109 0.0101 -0.0008 -7.3394
10 0.0082 0.0151 0.0069 84.1463
Average Change: 0.0009 11.5141

Standard Deviation: 0.0043 37.3298

1 0.0224 0.0245 0.0021 9.3750

2 0.0151 0.0139 -0.0012 -7.9470

3 0.0163 0.0191 0.0028 171779
'3 4 0.0117 0.0174 0.0057 48.7179
Bi5 0.0100 0.0301 0.0201 201.0000
={6 0.0276 0.0255 -0.0021 -7.6087
517 0.0110 0.0149 0.0039 35.4545
218 0.0141 0.0175 0.0034 24.1135
8 9 0.0111 0.0193 0.0082 73.8739
10 0.0181 0.0293 0.0112 61.8785
Average Change: 0.0054 45.6035

Standard Deviation: 0.0065 61.1068
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Torque Converter Piston Size Distortion (OD, ID)

. .. Piston Diameter
‘Outer Diameter (-7.5mm)
Average
-+ Process 5 AsReceived | After Heat Change (mm) Change
a Treatment
(mm)
1 261.1980 261.1346 _ -0.0634
Carbonitriding | 2 261.2245 261.1353 -0.0892 -0.0980
3 261.1937 261.0522 -0.1415
1 261.1727 261.2641 0.0914
2 261.2211 261.3150 0.0939
3 261.2226 261.3171 0.0946
4 261.2119 261.3074 0.0955
Nitrocarburizing | 5 261.1835 261.2747 0.0912 0.0934
(Temp: 950°C) | 6 261.1881 261.2811 0.0930 ’
7 261.2083 261.3022 0.0939
8 261.1727 261.2684 0.0957
9 261.2173 261.3106 0.0933
10 261.1977 261.2889 0.0912
1 261.1834 261.2691 0.0857
2 261.1653 261.2449 0.0796
3 261.2202 261.3039 0.0837
4 261.1906 261.2694 0.0788
Nitrocarburizing | 5 261.1970 261.2797 0.0827 0.0815
(Temp: 1000°C) | 6 261.2159 261.2997 0.0838 :
7 261.1871 261.2694 0.0823
8 261.1939 261.2756 0.0817
9 261.2032 261.2828 0.0796
10 261.1953 261.2721 0.0768
1 261.1837 261.2627 0.0790
2 261.1669 261.2496 0.0827
3 261.2022 261.2736 0.0714
4 261.1839 261.2602 0.0763
Nitrocarburizing | 5 261.1848 261.2568 0.0720 0.0764
(Temp: 1050°C) | 6 261.2193 261.2981 0.0788 )
7 261.1994 261.2779 0.0785
8 261.2118 261.2870 0.0752
9 261.1838 261.2605 0.0767
10 261.1847 261.2578 0.0731
1 261.2265 261.3000 0.0735
2 | 261.2052 261.2779 0.0727
3 261.2023 261.2769 0.0746
4 261.1931 261.2642 0.0711
Nitrocarburizing | 5 261.2278 261.3024 0.0746 0.0744
(Temp: 1100°C) | _6 261.1981 261.2740 0.0759 :
7 261.2146 261.2896 0.0750
8 261.1999 261.2735 0.0736
9 261.2083 261.2833 0.0750
10 261.2157 261.2939 0.0782
1 261.1996 261.2700 0.0704
2 261.1732 261.2424 0.0692
3 261.1958 261.2722 0.0764
4 261.1996 261.2714 0.0718
Nitrocarburizing | 5 261.2231 261.2898 0.0667 0.0696
(Temp: 1125°C) | 6 261.1734 261.2398 0.0664 ‘
7 261.1742 261.2439 0.0697
8 261.1877 261.2581 0.0704
9 261.1848 261.2528 0.0680
10 261.2123 261.2796 0.0673
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. Piston Diameter

Outer Diameter (-21.5mm)

. Average
- Process E As Received Atter Heat Change (mm) Change
a Treatment
(mm)
] 1 262.1033 262.1812 0.0779
Carbonitriding | 2 262.1100 262.1449 0.0349 0.0513
3 262.0829 262.1241 0.0412
1 262.0718 - 262.1700 0.0982
2 262.1082 262.1948 0.0866
3 262.1019 262.1864 0.0845
4 262.1015 262.1874 0.0859
Nitrocarburizing | 5 262.1314 262.2054 0.0740 0.0864
(Temp: 950°C) | 6 262.0973 262.1810 0.0837 ’
17 262.1002 262.1889 0.0887
8 262.0934 262.1919 0.0985
9 262.1125 | 262.1957 0.0832
10 | 262.1066 262.1875 0.0809
1 262.0749 262.1714 0.0965
2 262.0651 262.1511 0.0860
3 262.1095 262.1821 0.0726
4 262.0949 262.1607 0.0658
Nitrocarburizing | 5 262.1063 262.1759 0.0696 0.0731
(Temp: 1000°C) | _6 262.1105 262.1806 0.0701 )
7 262.0959 262.1666 0.0707
8 262.0979 262.1654 0.0675
9 262.1057 262.1732 0.0675
10| 262.0970 262.1615 0.0645
1 262.0765 262.1609 0.0844
2 262.0615 262.1543 0.0928
3 262.0832 262.1568 0.0736
4 262.0719 262.1556 0.0836
Nitrocarburizing | 5 262.0945 262.1481 0.0536 0.0713
(Temp: 1050°C) | 6 262.1062 262.1691 0.0629 ’
7 262.1029 262.1657 0.0628
8 262.1074 262.1691 0.0617
9 262.0771 262.1601 0.0830
10 | 262.0972 262.1519 0.0547
1 262.1143 262.1747 0.0604
2 262.1080 262.1654 0.0574
3 262.1040 262.1668 0.0628
4 262.0986 262.1541 0.0555
Nitrocarburizing | 5 262.1147 262.1782 0.0635 0.0611
(Temp: 1100°C) | 6 262.0989 262.1622 0.0633 ’
7 262.1020 262.1662 0.0642
8 262.1050 262.1630 0.0580
9 262.0996 262.1594 0.0598
10] 262.1036 262.1693 0.0657
1 262.1026 262.1700 0.0674
2 262.0923 262.1590 0.0667
3 262.0789 262.1630 0.0841
4 262.1044 262.1643 0.0599
Nitrocarburizing | 5 262.1109 262.1611 0.0502 0.0658
(Temp: 1125°C) | 6 262.0708 262.1432 0.0724 :
7 262.0649 262.1421 0.0772
8 262.0783 262.1538 0.0755
9 262.0903 262.1446 0.0543
10| 262.1007 262.1511 0.0504
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Piston. Diameter
Center Bore (-11mm)

Average
Process 's As Received Atter Heat Change (mm)| - -Change
o Treatment
(mm)
1 62.1173 62.0495 -0.0678
Carbonitriding 2 62.1147 62.0430 -0.0717 -0.0745
3 62.1204 62.0363 -0.0841
1 62.1217 62.1202 -0.0015
2 62.1133 62.1173 0.0040
3 62.1123 62.1178 0.0055
4 62.1141 62.1159 0.0018
Nitrocarburizing | 5 62.1165 62.1189 0.0024 0.0026
(Temp: 950°C) | 6 62.1177 62.1205 0.0028 )
; 7 62.1153 62.1175 0.0022
8 62.1210 62.1222 0.0012
9 62.1130 62.1168 0.0038
10 62.1151 62.1187 0.0036
1 62.1178 62.1208 0.0030
2 62.1207 62.1240 0.0033
3 62.1127 62.1164 0.0037
4 62.1166 62.1194 0.0028
* Nitrocarburizing | 5 62.1162 62.1183 ~0.0021 0.0025
(Temp: 1000°C) | 6 62.1136 62.1157 0.0021 )
7 62.1165 62.1178 0.0013
8 62.1147 621171 0.0024
9 62.1147 62.1162 0.0015
10 62.1171 62.1194 0.0023
1 62.1182 62.1208 0.0026
2 62.1190 62.1231 0.0041
3 62.1178 62.1217 0.0039
4 62.1187 62.1213 0.0026
Nitrocarburizing | 5 62.1170 62.1219 0.0049 0.0041
(Temp: 1050°C) | 6 62.1128 62.1185 0.0057 )
7 62.1145 62.1186 0.0041
8 62.1139 62.1187 0.0048
9 62,1184 62.1217 0.0033
10 62.1159 62.1208 0.0049
1 62.1127 62.1219 0.0092
2 62.1154 62.1253 0.0099
3 62.1154 62.1254 0.0100
4 62.1180 62.1268 0.0088
Nitrocarburizing | 5 62.1120 62.1214 0.0094 0.0096
(Temp: 1100°C) | 6 62.1159 62.1257 0.0098 :
7 62.1127 62.1219 0.0092
8 62.1158 62.1244 0.0086
9 62.1145 62.1240 0.0095
10 62.1125 62.1236 0.0111
1 62.1173 62.1126 -0.0047
2 62.1197 62.1145 -0.0052
3 62.1173 62.1141 -0.0032
4 62.1151 62.1133 -0.0018
Nitrocarburizing | 5 62.1128 62.1108 -0.0020 -0.0039
(Temp: 1125°C) | 6 62.1216 62.1141 -0.0075 :
7 62.1195 62.1145 -0.0050
8 62.1187 62.1128 -0.0059
9 62.1165 62.1139 -0.0026
10 62.1142 62.1129 -0.0013
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. Piston Diameter
Center Bore (-15mm)

. . Average
" Process E As Received %:::':::: Change (mm) Change
: {mm)
, 1 62.1044 62.1218 0.0174
Carbonitriding 2 62.1022 62.1219 0.0197 0.0138" ~
: 3 62.1051 62.1094 0.0043
1 62.1065 62.1173 0.0108
2 62.0996 62.1154 0.0158
3 62.1000 62.1170 0.0170
4 62.1011 62.1147 0.0136
Nitrocarburizing | 5 62.1049 62.1198 0.0149 0.0147
(Temp: 950°C) | 6 62.1055 62.1206 0.0151 )
7 62.1021 62.1166 0.0145
8 62.1070 62.1201 0.0131
9 62.1006 62.1167 0.0161
10 62.1027 62.1185 0.0158
1 62.1026 62.1155 0.0129
2 62.1059 62.1199 0.0140
3 62.0977 62.1146 0.0169
. 4 62.1043 62.1209 0.0166
Nitrocarburizing { 5 62.1037 62.1202 0.0165 0.0149
(Temp: 1000°C) | 6 62.1008 62.1149 0.0141 )
7 62.1047 62.1185 0.0138
8 62.1029 62.1183 0.0154
9 62.1019 62.1172 0.0153
10 62.1056 62.1192 0.0136
1 62.1028 62.1174 0.0146
2 62.1052 62.1193 0.0141
3 62.1035 62.1181 0.0146
4 62.1045 62.1181 0.0136
Nitrocarburizing | 5 62.1059 62.1255 0.0196 0.0165
(Temp: 1050°C) | 6 62.1004 62.1194 0.0190 )
7 62.1031 62.1218 0.0187
8 62.1012 62.1192 0.0180
9 62.1035 62.1174 0.0139
10 62.1053 62.1243 0.0190
1 62.0992 62.1252 0.0260
2 62.1033 62.1204 0.0261
3 62.1030 62.1296 0.0266
4 62.1048 62.1314 0.0266
Nitrocarburizing { 5 62.0993 62.1253 0.0260 0.0264
(Temp: 1100°C) | 6 62.1022 62.1291 0.0269 )
7 62.0998 62.1258 0.0260
8 62.1027 62.1287 0.0260
9 62.1026 62.1296 0.0270
10 62.1001 62.1268 0.0267
1 62.1035 62.1100 0.0065
2 62.1055 62.1115 0.0060
3 62.1020 62.1093 0.0073
4 62.1036 62.1165 0.0129
Nitrocarburizing { 5 62.1003 62.1131 0.0128 0.0087
(Temp: 1125°C) | 6 62.1075 62.1115 0.0040 )
7 62.1059 62.1126 0.0067
8 62.1040 62.1090 0.0050
9 62.1044 62.1169 0.0125
10 62.1016 62.1149 0.0133
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Torque Converter Piston Shape Distortion (Total Flatness, Flatness Taper)

Total Flatness
Average

Process % | As Received After Heat Change Change Star:ndérd
% Treatment (mm) (mm) Deviation

. V1 0.1777 0.5381 0.3604
Carbonitriding { V2 0.2105 0.5915. . 0.3810 0.5632 0.3336

V3 0.1620 1.1102 0.9482

V8 0.1526 0.1702 0.0176

Vo 0.1819 0.1943 0.0124

V10 0.1847 0.2237 0.0390

2K 0.1413 0.1681 0.0268

Nitrocarburizing Jv12 0.1708 0.2013 0.0305
(Temp: 950°C) V13 0.1442 0.1792 0.0350 0.0310 0.0151

vi4]  0.1478 " 0.2131 0.0653

V15 0.1677 0.1855 0.0178

V16 0.1602 0.1868 0.0266

V17 0.1674 0.2066 0.0392

V18 0.1748 0.1908 0.0160

V19 0.1511 0.1727 0.0216

V20 0.1740 0.2296 0.0556

V21 0.1824 0.1974 0.0150

Nitrocarburizing fv22 0.1471 0.1863 0.0392
(Temp: 1000°C) [V23] 0781 0.2052 0.0271 0.0380 0.0182

V24 0.1494 0.2208 0.0714

V25 0.1758 0.2208 0.0450

V26 0.1496 0.1953 0.0457

V27 0.1979 0.2414 0.0435

V28 0.1500 0.1935 0.0435

V29 0.1564 0.2025 0.0461

V30 0.1677 0.1842 0.0165

V31 0.1743 0.2131 0.0388

Nitrocarburizing fv32]  0.1678 0.2155 0.0477
(Temp: 1050°C) [V33] __0.1398 0.1991 0.0593 0.0417 0.0110

V34 0.1502 0.1953 0.0451

V35 0.1566 0.2017 0.0451

V36 0.1644 0.2043 0.0399

Va7 0.1538 -0.1884 0.0346

V38 0.1920 0.2020 0.0100

V39 0.1430 0.1846 0.0416

V40 0.1826 0.2068 0.0242

V41 0.1569 0.1966 0.0397

Nitrocarburizing [v42 0.1583 0.1943 0.0360
(Temp: 1100°C) | V43 0.1795 0.2062 0.0267 0.0334 0.0103

Va4 0.1795 0.2191 0.0396

V45 0.1540 0.1909 0.0369

V46 0.1595 0.2029 0.0434

V47 0.1486 0.1847 0.0361

V48 0.1600 0.1824 0.0224

V49 0.1598 0.2145 0.0547

V50 0.1818 0.2053 0.0235

V51 0.1913 0.1942 0.0029

Nitrocarburizing Jvs2 0.1461 0.1819 0.0358
(Temp: 1125°C) | V53 0.1529 0.1815 0.0286 0.0291 0.0142

V54 0.1803 0.2125 0.0322

V55 0.1782 0.2215 0.0433

V56 0.1627 0.1805 0.0178

V57 0.1547 0.1845 0.0298
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Flatness Taper

t . After Heat Average Change | Standard
Process S As Bgcelved Treatment Change (mm) (mm) Deviation

V1 0.1687 0.2834 0.1147
Carbonitriding | v2 0.1348 0.4208 0.2860 0.3873 0.3349

V3 0.1437 0.9048 0.7611

V8 0.1322 0.1521 0.0199

V9 0.1374 0.1544 0.0170

V10 0.1704 0.2044 0.0340

Vi1 0.1272 0.1541 0.0269

Nitrocarburizing [ v12 0.1565 0.1892 0.0327
(Temp: 950°C) | V13 0.1260 0.1566 0.0306 0.0308 0.0107

V14 0.1277 0.1643 0.0366

V15 0.1318 0.1537 0.0219

V16 0.1425 0.1757 0.0332

V17 0.1263 0.1812 0.0549

V18 0.1456 0.1625 0.0168

V19 0.1348 0.1547 0.0199

V20 0.1261 0.2050 0.0789

o V21 0.1701 0.1756 0.0055

Nitrocarburizing | V22 0.1291 0.1664 0.0373
(Temp: 1000°C) j V23 0.1648 0.1924 0.0276 0.0332 0.0195

V24 0.1314 0.1711 0.0397

V25 0.1683 0.2054 0.0371

V26 0.1275 0.1585 0.0310

V27 0.1258 0.1637 0.0379

V28 0.1313 0.1806 0.0493

V29 0.1378 0.1859 0.0481

V30 0.1556 0.1566 0.0010

V31 0.1357 0.1838 0.0481

Nitrocarburizing [ v32 0.1523 0.1987 0.0464
(Temp: 1050°C)| V33 0.1230 0.1822 0.0592 0.0399 0.0158

V34 0.1293 0.1599 0.0306

V35 0.1414 0.1823 0.0409

V36 0.1551 0.1939 0.0388

V37 0.1353 0.1722 0.0369

V38 0.1639 0.1786 0.0147

V39 0.1270 0.1672 0.0402

V40 0.1263 0.1717 0.0454

V41 0.1457 0.1857 0.0400

Nitrocarburizing [ V42 0.1445 0.1814 0.0369
(Temp: 1100°C) | V43 0.1321 0.1594 0.0273 0.0348 0.0086

V44 0.1702 0.2041 0.0339

V45 0.1359 0.1699 0.0340

V46 0.1427 0.1833 0.0406

Va7 0.1285 0.1638 0.0353

V48 0.1531 0.1601 0.0070

V49 0.1394 0.1470 0.0076

V50 0.1723 0.1937 0.0214

V51 0.1240 0.1747 0.0507

Nitrocarburizing | v52 0.1271 0.1534 0.0263
(Temp: 1125°C)| V53 0.1359 0.1655 0.0296 0.0241 0.0138

V54 0.1721 0.1944 0.0223

V55 0.1707 0.2122 0.0415

V56 0.1381 0.1582 0.0201

V57 0.1359 0.1508 0.0149
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APPENDIX B
Sample Hypothesis Test

Flatness Distortion (PC versus PNsjp)

H, The mean flatness distortion of the pistons from group PNsg is less than the mean
flatness distortion of the pistons from group PC.
(Distortion y < Distortion ¢)

H; The mean flatness distortion of the pistons from group PNs is less than or equal
to the mean flatness distortion of the pistons from group PC.

(Distortion y > Distortion ¢)

o 5%

Degrees of Freedom  =ncamonitriding + Dnitrocarburizing =2

=3+10-2
=11
tos.11 =1.796 (from Ref 67)
ybar n =0.03102
ybar ¢ =0.5632
SN’ =0.000228971 (individual sample variance for nitrocarburized pistons)
S¢* =0.11127484 (individual sample variance for carbonitrided pistons)
Sy’ =0.020419129 ( sample variance) '
to =-5.657556462

Since t o< t 05,11, We fail to reject the null hypothesis at 95% confidence interval
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