1

2
d
50

6
3

0

Force (N)

4

Load (N)

5
-50

Pressing Force
-100

-150

Impact Force

-200
0.00

0.05

0.10

0.15

0.20

Time (s)

Coating Impact Fatigue Test

Impact-Sliding Wear Tests on
Project: ASP230. Project No.: 10-2338
Duplex-Treated
Die Materials
Phase II - Final Report

- Final Report

Impact-Sliding Wear Tests on Duplex-Treated Die
Materials
Project: ASP360. Project No.: 11-2538-AMP

Final report

Tecnie Corporation
Windsor, Ontario N8W 5R8
Canada

Prepared for:
Tribology Team
Auto/Steel Partnership
2000 Town Center Drive
Suite 320
Southfield, MI 48075
USA

August 2011

ACKNOWLEDGEMENT

•

Department of Energy

•

Auto/Steel Partnership

•

Chrysler LLC

•

Ford Motor Company

•

General Motors

•

Arcelor Mittal Defasco

•

Nucor Corporation

•

Severstal North America, Inc.

•

United States Steel Corporation

•

Dayton Progress

•

IonBond LLC

•

Oerlikon Balzers VST, Inc.

•

Phygen Coatings

•

Richter Precision Inc.

•

Eifeler-Lafer Inc.

•

Tecnie Corporation
USAMP/DOE:
This material is based upon work supported by the Department of Energy National Energy
Technology Laboratory under Award Number DE-FC-02OR22910.
“This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any special commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessary constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.”
A/SP:
Further the project team also recognizes the support from the Auto/Steel Partnership and the
research work conducted by the University of Windsor.

ii

EXECUTIVE SUMMARY
In order to effectively use physical and chemical vapor deposition (PVD/CVD) hard coatings as a
solution in dealing with the die wear issues caused by stamping advanced high strength steel (AHSS),
USAMP and the Auto/Steel Partnership have granted a research project, entitled “Impact-Sliding Wear
Tests on Duplex Treated Die Materials” (Project: ASP360, No.: 11-2538-AMP). This new impact-sliding
wear test method has been used successfully to investigate coating failure behaviors, die steel substrate
effects, and plasma nitriding pre-treatment effects as well as rank the coating suppliers and their duplextreated coatings on different die surfaces in terms of resistance to impact-sliding wear.
This report documents the standard test method to simulate the operating conditions of stamping
applications which involve impact and sliding motions under extremely high contact forces. The
commonly-used die materials AISI-4140, NAAMS-D6510, Carmo, Cast Cut #1, and AISI-D2 were the
substrates for PVD CrN coatings. The die materials were hardened and then treated with and without
plasma nitriding processes before deposition of the CrN coatings. The similar compositions and
microstructures of the coatings were prepared by five different coating suppliers. Optical and electronic
microscopes were used to observe the impact-sliding wear scars. The coating failure mechanisms were
investigated using high magnification scanning electron microscopy (SEM) and energy dispersive x-ray
(EDX) analysis. The severity of the coating failures was the criterion to rank the coating performances and
suppliers.
Based on the results found in this project, the plasma nitriding process provided a much-needed loadsupporting layer to the CrN hard coatings. D2 steel was confirmed to be an excellent die material;
however, with the duplex treatment of plasma-nitriding plus PVD coating, Carmo steel surpassed D2.
Cast Cut #1 was also a good die material for the coatings and outperformed AISI-4140 and NAAMSD6510. The coating suppliers were pre-screened according to their coating performances under the
testing conditions, and two coating suppliers were found to be able to produce higher quality duplex
treatment for the die material applications.
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ABSTRACT
In this project, a new impact-sliding wear test method was used to investigate coating failure behaviors,
die steel substrate effects, and plasma nitriding pre-treatment effects as well as rank the coating suppliers
and their duplex-treated coatings on different die surfaces in terms of resistance to impact-sliding wear.
The test method was able to simulate the operating conditions of stamping applications where impact
and sliding motions under extremely high contact forces exist. The testing load was the combination of
200N impact and 400N impressing forces. Coatings on non-nitrided die steel materials were tested at 500
cycles, and coatings on nitrided die steel substrates at 1000 to 5000 cycles.
The substrates for PVD CrN coatings were commonly-used die materials, including AISI-4140, NAAMSD6510, Carmo, Cast Cut #1, and AISI-D2. The die materials were hardened and then treated with and
without plasma nitriding processes before deposition of the coatings. The similar compositions and
microstructures of coatings were prepared by five different coating suppliers. Optical and electronic
microscopes were used to observe the impact-sliding wear scars. The coating failure mechanisms were
investigated using high magnification scanning electron microscopy (SEM) and energy dispersive x-ray
(EDX) analysis. The degree of the coating failures allowed the ranking of the coating performances and
coating suppliers.
This project showed that the plasma nitriding process provided an excellent load-supporting layer to the
hard coatings that would allow automakers to use low-cost die materials. D2 steel was again confirmed to
be an excellent die material; however, with the duplex treatment of plasma-nitriding plus PVD coating,
Carmo steel was more durable than D2. Fatigue cracking was observed on the surface of the nitrided D2
substrate. The plasma nitride may have increased the probability of fatigue cracking due to the nonuniformity of the nitrided layer, which included carbides from the original D2 die material. Cast Cut #1
was also a good die material for the coatings, outperforming AISI-4140 and NAAMS-D6510. The coating
suppliers were pre-screened according to their coating performances under the testing conditions, and
two coating suppliers were found to be able to produce higher quality duplex treatment for the die
material applications.
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Impact-Sliding Wear Tests on Duplex Treated Die Materials
1. Introduction
Tool steels for cold work applications need sufficient compression yield strength and toughness to battle
wear problems. High tool hardness is necessary to prevent plastic deformation and heavy tool wear.
However, higher hardness results in a more brittle tool material.
AISI type D2 tool steel has a number of advantages in mechanical (e.g. compression yield strength and
high hardness) and heat treatment properties. After the D2 is air-quenched and tempered at 450 ºC, its
material hardness remains at HRC 58. PVD hard coating deposition on D2 can be as low as room
temperature, but optimal adhesion of the coating onto the substrate occurs around 400 ºC. Thus, higher
temperatures will not soften the D2 enough to negatively affect its load-bearing capability.
D2 has high carbon and Cr content, which allows the formation of intermetallic phases, or carbides, in the
steel matrix to provide high compression strength and wear resistance. However, the carbides at the
interface between the coating and substrate were found to initiate fatigue cracking (ref: Report ASP230,
No. 10-2338) [1]. Other sources of fatigue cracking include the machining marks as well as defects in the
coating and at the interfaces.
Carmo is a cold work tool steel that has been developed for the automotive industry. Its analysis has been
balanced to give one universal tool steel for car body dies instead of the several steel grades (flame
hardening and through hardening grades) which are normally used. The steel can be used in the flamehardened or in the through-hardened condition for blanking and forming of both car body parts (thin
sheet) and structural parts (thicker sheet). Carmo is significantly tougher than D2. Since the Carmo is a
lower alloy medium carbon steel than D2, it also has a more homogenous microstructure, which may
eliminate large intermetallic phases that produce fatigue cracking.
However, surface hardness of the Carmo after quenching and tempering at 400 ºC is no more than HRC
55. ~400 ºC is often the PVD process temperature. Thus, a duplex treatment combining plasma nitriding
and PVD coating may be necessary, where the plasma nitriding improves the load support to the PVD
coating. Nitriding usually also increases fatigue resistance of the substrate. The enhanced load-bearing
capability of the substrate after nitriding does influence the coating failure behavior, but there is a lack of
research activity on whether the plasma nitriding would be another source of cracking initiation sites.
Since economic concerns also influence selection of die substrate materials, OEMs would prefer to use die
materials other than the relatively expensive D2, M2 and similar subtrates. Therefore, study on duplex
treatment of tougher and lower-cost but softer Carmo as a model system for stamping applications would
revolutionize the automotive industry. This project compares the performances of PVD CrN coatings on
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plasma nitrided and non-nitrided samples. Carmo is also compared to different substrates including
NAAMS-D6510, AISI-4140, Cast-Cut #1 and AISI-D2 in the testing evaluation matrix to observe effects of
substrates on impact-sliding wear behavior.

2. Experimental Method
2.1 Materials
•

•

•

Substrates
o

Carmo

o

AISI-D2

o

AISI-4140

o

Cast Cut #1

o

NAAMS-D6510

Substrate Treatments
o

Plasma Nitride

o

Philos Titanium Diffusion

PVD CrN Coating
o

Coating Suppliers: Phygen, IonBond, Richter, Oerlikon, and Eifeler-Lafer (randomly assigned
letters A, B, C, D, and E)

2.2 Test Instrument
The project studied the impact-sliding fatigue wear of duplex treated die materials. A pending ASTM
standard method of impact-sliding wear test (ref: report ASP 230, No.: 10-2480-AMP) [2] was used to
simulate stamping operations. With the standard testing method, coatings on different substrates and
from different suppliers were tested at the same platform so the experimental data could be compared
and exchanged, which is important to coating suppliers and OEMs for their coating process
developments and selections in a cost-effective way.
A schematic drawing of the inclined impact-sliding tester used in this project is shown in Figure 1.
During the inclined impact-sliding fatigue test, a hard ball (the impact body) is mounted on the shaft of a
double-way air cylinder with the piston driven by compressed air producing vertical oscillatory motions.
The sample is set on an inclined rotary sample holder which can return its position by a spring. An
OMEGA LCKD-500 load cell is placed on the sample holder to record the normal force on the sample
surface during the impact-sliding movement. To reduce friction, a thin layer of lubricant is applied on the
load cell surface. The desired normal impact and pressing forces are obtained by adjusting the pre-strain
of the spring and the pressure in the air cylinder. The samples proved to be more durable than expected,
so the impact and pressing loads were set at 200N and 400N instead of the proposed 80N and 200N,
respectively. After the impact/pressing forces are measured and recorded, the load cell is removed and
coated samples are placed on the sample holder for impact tests. The distance d between ball and the
sample needs to be the same as the previous distance between the load cell and the ball. Each coated
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sample was scheduled to be impacted from 500 to 5000 cycles. After the test, a crater head and a sliding
wear track appeared on the coating surface as illustrated in Figure 1. The load curve for each cycle is
shown in Fig. 2.
1
2
3

6
5
4

Head

Tail

Impact

Sliding

Fig. 1 Schematic of Impact-Sliding Wear Test Fixture. 1 - ball specimen drive (e.g., air cylinder), 2 - ball
specimen, 3 - flat specimen (i.e., tested samples in this project), 4 - rigid frame, 5 - rotatable rocker, 6 return drive (e.g., spring)

Pressing Force

Load (N)

Impact Force

Fig. 2 Load curves. 200N/400N impact/pressing load conditions
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3. Ranking Criteria and Wear Mechanisms
Mechanisms
Classifications of Impact-sliding Wear Test Results [2]
Classification
(C)

Impact (I)

Sliding (S)

5

4

3

2

1

0

Fig. 3a Scales of Impact, Sliding and Overall Ratings

4

Overall (O)

I5+S5

5

I4+S5

4.5

I4+S4

4

I3+S4

3.5

I3+S3

3

I2+S4

3

I2+S3

2.5

I2+S2

2

I1+S3

2

I1+S2

1.5

I1+S1

1

I0+S2

1

I0+S1

0.5

I0+S0

0

Classifications of Impact-sliding Wear Test Results [2]
Classification for
Overall (C)

Overall
(O)

5

I5+S5

4.5

I4+S5

4

I4+S4

3.5

I3+S4

I2+S4

3

I3+S3

2.5

5

I2+S3

Impact (I)

Sliding (S)

Classifications of Impact-sliding Wear Test Results [2]
Classification for
Overall (C)

Overall
(O)

Impact (I)

Sliding (S)

I1+S3

2

I2+S2

1.5

I1+S2

I0+S2

1

I1+S1

0.5

I0+S1

0

I0+S0

Fig. 3b Scales of Impact, Sliding and Overall Ratings
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Peeling

Chipping

Material Transfer
(Diffusion/Accumulation)

Fatigue Cracks

Coating
Substrate

Fig. 4 SEM Images and Illustrations of Failure Modes [1]

The above classifications in Fig. 3 have been used as criteria to classify the coating performances in the
following Section 4. The failure modes in Fig. 4were used to study the coating wear mechanisms in
Section 5.
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4. Results and Discussion
4.1 Classification of CrN Coatings on NonNon-Nitrided Samples at 500 Cycles
The first set of tests compared the non-nitrided Carmo, AISI-D2, AISI-4140, Cast Cut #1 and NAAMSD6510 substrates coated with CrN from Supplier C. The results after 500 cycles are shown in Fig. 5, where
the coatings on the non-nitrided die materials were completely failed except for D2 steel.
Substrate

8

Image

Overall (O)

Classification
for Overall (C)

Carmo

I0+S1

0.5

AISI-D2

I5+S5

5

AISI-4140

I0+S0

0

Cast Cut #1

I0+S1

0.5

NAAMS-D6510

I0+S0

0

Fig. 5 Classification of CrN Coatings from Supplier C on Non-Nitrided Samples

4.2 Classification of CrN Coatings on Nitrided Samples at 500 Cycles
The Carmo, AISI-D2, AISI-4140 and Cast Cut #1 substrates in the second group of tests were compared
after being plasma nitrided and coated with CrN from Supplier C. The results after 500 cycles were
contrasted to those of the non-nitrided coupons, the nitrided ones proving much more durable and
classified as Level 5, as shown in Fig. 6.
Substrate

Surface
Treatment

Image

Overall (O)

Classification
for Overall (C)

none

I0+S1

0.5

Plasma
Nitride

I5+S5

5

none

I5+S5

5

Plasma
Nitride

I5+S5

5

Carmo

AISI-D2

9

none

I0+S0

0

Plasma
Nitride

I5+S5

5

none

I0+S1

0.5

Plasma
Nitrate

I5+S5

5

AISI-4140

Cast
Cut #1

Fig. 6 Comparison of CrN Coatings from Supplier C on Nitrided and Non-Nitrided Samples

4.3
4.3 Classification of CrN Coatings on Nitrided Samples at 1000 Cycles
Cycles
In the third set of tests, the Carmo, AISI-D2, AISI-4140, Cast Cut #1 and NAAMS-D6510 substrates were
again compared after receiving plasma nitriding and CrN coating from Supplier C but at 1000 cycles. The
performance of a Carmo substrate with Philos Titanium Diffusion and Supplier C CrN was also
examined. Fig. 7 presents the optical micrographs and classifications for different nitrided die steels. The
results indicated that the coatings’ performance followed the following order based on the nitrided steels:
Carmo and D2 > Cast Cut > AISI-4110 > NAAMS-D6510
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Substrate

Surface
Treatment

Image

Overall (O)

Classification
for Overall (C)

Carmo

Plasma
Nitride

I5+S5

5

AISI-D2

Plasma
Nitride

I5+S5

5

AISI-4140

Plasma
Nitride

I0+S1

0.5

Cast
Cut #1

Plasma
Nitride

I4+S3

3.5

NAAMSD6510

Plasma
Nitride

I0+S0

0

Carmo

Philos
Titanium
Diffusion

I5+S5

5

Fig. 7 Classification of CrN Coatings from Supplier C on Nitrided Samples at 1000 Cycles
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4.4 Classification of CrN Coatings
Coatings from Different Suppliers at 1000 Cycles
To distinguish between the performances of the suppliers’ CrN coatings, each coating was applied to
nitrided Carmo samples. Another Supplier C coating on a Carmo sample with Philos Titanium Diffusion
was also compared with these coupons. The fourth set of tests was run at 1000 cycles. Fig. 8 shows that, in
decreasing order of coating quality:
Suppliers C > Supplier A > Supplier D > Supplier B > Supplier E
Substrate
Treatment

Coating
Supplier

Plasma
Nitride

Image

Overall (O)

Classification
for Overall (C)

A

I4+S4

4

Plasma
Nitride

B

I2+S1

1.5

Plasma
Nitride

C

I5+S5

5

Plasma
Nitride

D

I3+S2

2.5

Plasma
Nitride

E

I0+S0

0

Philos
Titanium
Diffusion

C

I5+S5

5

Fig. 8 Classification of CrN Coatings from Different Suppliers on Nitrided Samples at 1000 Cycles
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4.4 Further Study at 5000 Cycles
Cycles
The following four samples performed the best in the previous tests:
•

Carmo + Plasma Nitride + PVD CrN Coating from Supplier A

•

Carmo + Plasma Nitride + PVD CrN Coating from Supplier C

•

D2 + Plasma Nitride + PVD CrN Coating from Supplier C

•

Carmo + Philos Titanium Diffusion + PVD CrN Coating from Supplier C

In order to distinguish the performances of these samples, tests were conducted with 5000 cycles, Fig. 9.
The images after the tests illustrate that Carmo performs better than D2 when both are duplex-treated
with plasma nitriding and CrN coating. The images also indicate that the PVD CrN coating from Supplier
C is more effective than that of Supplier A. The D2 had the most obvious coating failure compared with
the other three cases. The Philos Titanium Diffusion was as effective as the Plasma Nitride, if not better.

Fig. 9a Optical micrograph: Carmo + Plasma Nitride + CrN Coating from Supplier A at 5000 cycles

Fig. 9b Optical micrograph: Carmo + Plasma Nitride + CrN Coating from Supplier C at 5000 cycles

Fig. 9c Optical micrograph: AISI-D2 + Plasma Nitride + CrN Coating from Supplier C at 5000 cycles
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Fig. 9d Optical micrograph: Carmo + Philos Titanium Diffusion + CrN Coating from Supplier C at 5000
cycles
4.5 Further Study at 300N / 500N Loads
The duplex-treated Carmo and D2 samples with plasma nitriding and CrN coating were then tested
under impact and sliding loads of 300N and 500N, respectively. Both failed at 250 cycles (Fig. 10), but the
Carmo proved slightly more durable. The 300N and 500N impact and pressing force combinations seems
too high for the coatings.

Fig. 10a Optical micrograph: Carmo + Plasma Nitride + CrN Coating from Supplier C at 300N/500N,
250 cycles

Fig. 10b Optical micrograph: AISI-D2 + Plasma Nitride + CrN Coating from Supplier C at 300N/500N,
250 cycles
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5. SEM Observations and Failure Mechanism Analysis
5.1 Effects of NonNon-Nitrided Substrates with CrN Coatings
Coatings
Samples
•

Carmo + CrN at 500 cycles

•

Cast Cut #1 + CrN at 500 cycles

•

AISI-4140 + CrN at 500 cycles

•

NAAMS-D6510 + CrN at 500 cycles

•

ASAI-D2 + CrN at 3000 cycles

Supplier
•

Supplier C

In this part, CrN coatings were deposited on different substrates Carmo, Cast Cut #1, AISI-4140,
NAAMS-D6510 and AISI-D2 by Supplier C. Since the testing conditions were the same for all of the
samples, SEM and EDX analysis after the tests would illustrate the effect of the substrates on the coating
performance under the given testing conditions, which had 200N/400N impact/pressing load.

From Fig. 11, peeling, chipping, and materials transfer were indeed the coating failure mechanisms for all
of the substrates Carmo, Cast Cut, AISI 4140, NAAMS-D6510, and AISI D2. Fatigue cracking also showed
on the coatings on the Carmo and D2 substrates, Fig. 11a & 11e. The non-nitrided substrates Carmo, Cast
Cut, AISI-4140, and NAAMS-D6510 were not hard enough to support the coatings on their surfaces,
likely because of softening during the coating processes; thus, severe coating failures occurred, as shown
in Fig. 11a through 11d. Without the nitriding treatment, Carmo, Cast Cut, AISI-4140, and NAAMSD6510 are not sufficient as the coating substrate to withstand such high impact and sliding forces.
However, D2 as a substrate for the CrN coating seems to be very resistant to impact and sliding fatigue
wear, since most of the coating was still intact after 3000 cycles. The other samples severely failed under
the same testing load after just 500 cycles.
Therefore, without nitriding treatment, it is necessary to use a hardened D2 steel as a strong load-bearing
substrate for the CrN coating to able to withstand very high impact and sliding contact stresses.
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Materials
transferring
Peeling -- exposed
substrate

Chipping

Chipping

Fatigue
cracking

Fig. 11a SEM micrographs and EDX analysis: Carmo + CrN, 200N/400N impact/pressing, 500 cycles
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Materials
transferring

Peeling
Exposed
substrate

Chipping

Fig. 11b SEM micrographs and EDX analysis: Cast Cut + CrN, 200N/400N impact/pressing, 500 cycles
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Materials
transfer
Peeling

Exposed
substrate

Chipping
Fig. 11c SEM micrographs and EDX analysis: AISI-4140 + CrN, 200N/400N impact/pressing, 500 cycles
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Exposed
substrate
Chipping

Peeling
Materials
transfer

Fig. 11d SEM micrographs and EDX analysis: NAAMS-D6510 + CrN, 200N/400N impact/pressing, 500
cycles
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Intact coating

Chipping

Chipping
Fatigue
cracking

Materials
transfer

Fig. 11e SEM micrographs and EDX analysis: AISI-D2 + CrN, 200N/400N impact/pressing, 3000 cycles
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5.2 Effects of Nitrided Substrates with CrN Coatings
Coatings
Nitrided Samples
•

Carmo + Plasma Nitride + CrN at 1000 cycles

•

Cast Cut #1 + Plasma Nitride + CrN at 1000 cycles

•

AISI-4140 + Plasma Nitride + CrN at 1000 cycles

•

NAAMS-D6510 + Plasma Nitride + CrN at 1000 cycles

•

AISI-D2 + Plasma Nitride + CrN at 1000 cycles

Supplier
•

Supplier C

In this part, the impact-sliding tests were conducted using 200N/400N impact/pressing forces for 1000
cycles on plasma nitrided + CrN hybrid-treated substrates Carmo, Cast Cut #1, AISI-4140, NAAMSD6510 and AISI-D2. The impact-sliding tracks were then observed using SEM, Fig. 12. Since the coatings
and testing conditions were the same and the only variable was the coating substrate, the effects of the
different substrates can be ranked in terms of their coatings’ performance under the testing conditions.
The CrN coatings on nitrided Carmo steels prepared by Supplier C performed so well that there was no
wear problem after 1000-5000 cycles, as shown in Fig. 12a. The CrN coatings on nitrided D2 steels
prepared by Supplier C also performed very well, with no coating failure until the 5000 cycle tests as
presented in Fig. 12e.
The nitrided Cast Cut #1 sample only exhibited local coating failure after the test of 200N/400N
impact/pressing load for 1000 cycles (Fig. 12b). However, the nitrided AISI-4140 (Fig. 12c) and NAAMSD6510 (Fig. 12d) substrates were not promising since severe coating failure appeared after same testing
conditions, although nitriding did reduce the size of the impact-sliding scars on the coatings.
Based on Fig. 12 SEM observations of CrN coatings on the different nitrided substrates after 1000-5000
cycles, the nitrided Carmo steel substrate performed the best, the nitrided D2 the second best, Cast Cut #1
also very well, but AISI-4140 and NAAMS-D6510 did not give satisfactory results.
Compared with the results from Section 5.1, the nitriding process was found to significantly improve the
coatings’ performance for all kinds of substrates studied. The enhanced load-bearing capability from the
nitrided case layers on the substrate surfaces was believed the reason for the improvement. The following
images were SEM micrographs showing the coating samples after the tests.
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Fig. 12a SEM micrograph: Carmo + Plasma Nitride + CrN from Supplier C, 200N/400N impact/pressing
load, 1000-5000 cycles (half impact-sliding track)

Fig. 12b SEM micrograph: Cast Cut #1 + Plasma Nitride + CrN from Supplier C, 200N/400N
impact/pressing load, 1000 cycles
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Fig. 12c SEM micrograph: AISI-4140 + Plasma Nitride + CrN from Supplier C, 200N/400N
impact/pressing load, 1000 cycles

Fig. 12d SEM micrograph: NAAMS-D6510 + Plasma Nitride + CrN from Supplier C, 200N/400N
impact/pressing load, 1000 cycles
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Fig. 12e SEM micrograph: AISI-D2 + Plasma Nitride + CrN from Supplier C, 200N/400N
impact/pressing load, 5000 cycles (half impact-sliding track)

5.3 Effects of CrN Coating Suppliers on Nitrided Samples
Nitrided Sample
•

Carmo + Plasma Nitride + CrN for 1000 cycles

Suppliers
•

Supplier A

•

Supplier D

•

Supplier B

•

Supplier E

•

Supplier C

In this part, the impact-sliding tests were conducted using 200N/400N impact/pressing forces for 1000
cycles on Carmo + Plasma Nitride + CrN coatings prepared by different suppliers A, B, C, D and E. The
impact-sliding tracks were then observed using SEM. Since the coatings and testing conditions were the
same and the only variable was the supplier of the CrN coating, the suppliers can be ranked in terms of
their coatings’ performance under the testing conditions.
The CrN coatings on nitrided or philos-treated Carmo steels prepared by Suppliers A and C performed
so well that there was no observed wear after 1000-5000 cycles, Fig. 13a. The coating from Supplier D (Fig.
13c) was better than that of Supplier B (Fig. 13b). The plasma-nitrided surface prepared by Supplier B
appeared to have fatigue cracks formed at the end of the sliding tail (Fig. 13b inset). Such cracks were
only observed on the samples with coatings from Suppliers B and D. It is uncertain if the fatigue cracks in
Fig. 13b formed before or after the peeling of the coating. The fatigue cracks in Fig. 13c is likely caused by
sliding forces after the coating was peeled off since the cracks only showed in the middle of sliding track.
The coating from Supplier E was the worst, as shown in Fig. 13d.
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From these SEM observations, Suppliers A and C are the best among the coating suppliers. Supplier D is
the third best, and Supplier B is ranked fourth. The CrN coating from Supplier E did not perform well.
The following images were SEM micrographs showing the coating samples after the tests.

Fig. 13a SEM micrograph: Carmo + Plasma Nitride/Philos Titanium Diffusion + CrN from Suppliers A
and C, 1000-5000 cycles

Fatigue cracks

Fig. 13b SEM micrograph: Carmo + Plasma Nitride + CrN from Supplier B, 1000 Cycles
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Fatigue
cracks

Fig. 13c SEM micrograph: Carmo + Plasma Nitride + CrN, Supplier D, 200N/400N impact/pressing load,
1000 cycles

Fig. 13d SEM micrograph: Carmo + Plasma Nitride + CrN, Supplier E, 200N/400N impact/pressing load,
1000 cycles

26

5.4 Effects of the Capable Substrates and Suppliers
Nitrided Substrates
•

Carmo

•

AISI-D2

Suppliers
•

Supplier A

•

Supplier C

The CrN coatings prepared by Suppliers A and C on nitrided Carmo and D2 substrates exhibited the best
performance during 200N/400N impact-sliding force testing conditions, as shown in Fig. 14. The SEM
micrographs show that after the impact-sliding tests for 5000 cycles, the wear track on the coating from
Supplier A was wider than the coating from Supplier C. Tiny cracks and slight materials transfer were
observed on the CrN of Supplier A, Fig. 14a. Only some materials transfer, without coating cracking,
appeared on the coating prepared by Supplier C, Fig. 14b. The coating prepared on nitrided D2 failed
after 5000 cycles, Fig. 14c.

Fig. 14a SEM micrograph: Carmo + Plasma Nitride + CrN from Supplier A, 5000 cycles

Fig. 14b SEM micrograph: Carmo + Plasma Nitride + CrN, Supplier C, 5000 cycles
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Fig. 14c SEM micrograph: D2 + Plasma Nitride + CrN from Supplier C, 5000 cycles
Fig. 15 is the SEM micrographs and EDX analysis of the above coatings at a higher magnification (×2000).
The images taken from the locations at heads, middles and ends of the impact-sliding tracks were
grouped together as Fig. 15a through 15c, Fig. 15d through 15f, and Fig. 15g through 15i.
From the SEM observations and EDX analysis on cross sections of Carmo samples as shown in Fig. 15a,
15d & 15g, fatigue cracking and materials transfer appeared on the coating prepared by Supplier A, while
only slight materials transferring occurred on the coating provided by Supplier C, Fig. 15b, 15e & 15h.
Therefore, Supplier C outperformed Supplier A, although both coatings were still in good shape.
In terms of substrate effect, the plasma nitrided Carmo was obviously better than the nitrided D2, since
the coating on the plasma nitrided D2 steel was partially peeled off in the impact crater (Fig. 15c) and on
the sliding wear track (Fig. 15f & 15i). Such peeling seems to have initiated near interfaces between the
CrN coating and the nitrided D2 substrate. The fatigue cracks can be observed on the nitrided substrate
surface where the peeling of the coating occurred.
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Fig. 15a SEM micrograph and EDX analysis of Head-Carmo-A: Cross-section at the impact crater on
sample Carmo + Plasma Nitride + CrN from Supplier A, 5000 cycles
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Fig. 15b SEM micrograph and EDX analysis of Head-Carmo-C: Cross-section at the impact crater on
sample Carmo + Plasma Nitride + CrN from Supplier C, 5000 cycles
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Fig. 15c SEM micrograph and EDX analysis of Head-D2-C: Cross-section at the impact crater on D2 +
Plasma Nitride + CrN from Supplier C, 5000 cycles
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Fig. 15d SEM micrograph and EDX analysis of Middle-Carmo-A: Cross-section at the middle of impactsliding track on sample Carmo + Plasma Nitride + CrN from Supplier A, 5000 cycles
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Fig. 15e SEM micrograph and EDX analysis of Middle-Carmo-C: Cross-section at the middle of impactsliding track on sample Carmo + Plasma Nitride + CrN from Supplier C, 5000 cycles
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Fig. 15f SEM micrograph and EDX analysis of Middle-D2-C: Cross-section at the middle of impact-sliding
track on sample D2 + Plasma Nitride + CrN from Supplier C, 5000 cycles
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Fig. 15g SEM micrograph and EDX analysis of End-Carmo-A: Cross-section at the end of impact-sliding
track on sample Carmo + Plasma Nitride + CrN from Supplier A, 5000 cycles
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Fig. 15h SEM micrograph of End-Carmo-C: Cross-section at the end of impact-sliding track on sample
Carmo + Plasma Nitride + CrN from Supplier C, 5000 cycles
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Fatigue cracks

Fatigue cracks

Fig. 15i SEM micrograph of End-D2-C: Cross-section at the end of impact-sliding track on sample D2 +
Plasma Nitride + CrN from Supplier C, 5000 cycles
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Fig. 16 presents the loading support capability of the nitrided substrates Carmo, Cast Cut #1 and AISI-D2.
The samples had similar coating hardnesses, but different load-bearing capabilities. The nitrided D2 has
the highest load-bearing property, Carmo is in the middle and Cast Cut has the lowest among them. This
difference may explain why the nitrided Carmo outshined the nitrided Cast Cut. There is almost no loadbearing difference between the coatings prepared by Supplier A and Supplier C since both coatings had
the same Carmo substrate. Normally, the plasma nitrided case layer in Carmo steel is thicker than that in
D2 steel under the same plasma nitriding conditions [3]. That means the Carmo had a thicker layer with a
high elastic modulus of the nitrided layer to match the coating on its surface. The elastic modulus
gradient due to the nitrogen diffusion along the case layer would be beneficial to the coating’s durability.
For the case of D2, the relatively thin nitriding layer would still present with a sudden change in elastic
modulus between the case layer and substrate. Furthermore, the carbides in D2 substrate would
detriment the uniformity of the nitriding layer. The carbide grains may become the initial sites for the
formation of observed fatigue cracks near the interface between the coating and the substrates, Fig. 15i.
As a result, the coating peeling occurred on D2 after 5000 cycles.

Diagonal Length of Indents (µm)
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Fig. 16 Diagonal length of microhardness indents vs. testing loads, indicating the load-supporting
capability of the nitrided substrates Carmo, Cast Cut #1 and AISI-D2.
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6. Conclusion
In summary, the non-nitrided substrates except AISI-D2 were not strong enough to support the CrN
coatings for applications in very high impact-sliding contact stress conditions. AISI-D2 is the best
substrate for CrN coatings if the nitriding process is not included in die materials preparation.
Plasma nitriding significantly increased the coating performance for all the substrates, as shown in
Section 5.2, compared with the results in Section 5.1. One of the most stunning findings is that the plasma
nitriding can make Carmo steel even better than D2 as the substrate for CrN coatings to resist impact and
sliding forces. This may result from the plasma nitrided case hardening layer in Carmo steel being thicker
and more uniform than that in AISI-D2 steel, although the nitrided AISI-D2 has a harder surface layer
than the nitrided Carmo does. The elastic modulus of iron nitride (FexN) is higher than the substrate and
matches the modules of the CrN coating better. The thicker nitrided case layer in Carmo functions as a
wider property gradient layer between the hard coating and relatively soft substrate.
The nitrided Cast Cut #1 also performed well. AISI-4140 and NAAMS-D6510 steels did not show a good
performance with and without plasma nitriding process treatments.
In terms of suppliers concerns for the coating performances under the testing conditions, Supplier C is
the best, Supplier A is the second, Supplier D is the third, and Supplier B and E are last.
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Appendix I
Additional Test on a CVD TiC Coating on AISIAISI-D2 steel
To compare the coating performance of the Carmo + Plasma Nitride + CrN, which was the best sample
selected, with a CVD TiC coating on AISI-D2 steel substrate, two additional tests on the CVD TiC coating
were conducted under 200N/400N impact/pressing loads for 5000 cycles. The CVD TiC coating on AISID2 sample was prepared by Supplier C. One of optical micrographs of the impact-sliding fatigue wear
scars is presented in the following Fig. Ia. The sample Carmo + Plasma Nitride + CrN after the test under
the same conditions is once again shown in Fig. Ib.

Fig. Ia. Optical micrograph: CVD TiC coating on AISI-D2 from Supplier C at 200N/400N, 5000 cycles

Fig. Ib. Optical micrograph: Carmo + Plasma Nitride + CrN from Supplier C at 200N/400N, 5000 cycles

The CVD TiC coating provided by Supplier C was failed after the test. Thus, the CVD coating on D2 did
not perform as well as the Carmo + Plasma Nitride + CrN coating sample under the 200N/400N
impact/sliding loads at 5000 cycles.
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