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Thermal fatigue of hot work tool steel with hard coatings
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Abstract

Relatively few studies have investigated the performance of coated tools at high temperatures. This is of interest for die casting and wa
forging industries, where tool materials are expected to have high toughness, high tempering resistance and endure erosion, wear
thermal fatigue. This paper reports an investigation of the performance of AISI H13 tool steel, coated with TiN, CrN and duplex coatings
during thermal fatigue tests on a thermal cycling rig. During the testes, 20-mm long cylinders, with 10 mm diameter, were subjected to 5(
high frequency induction heating and water cooling cycles, lasting 7 and 3 s, respectively. The thermal fatigue damage was evaluated
analyzing different crack dimensions and distribution by light microscopy. The results showed that the coatings increased thermal fatig
resistancel] 1997 Elsevier Science S.A.
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1. Introduction curve and follows it up to point B. During cooling from
T, to Ty, the evolution follows B-C-D, which involves a
Various metal forming processes are carried out at tem- compressive plastic deformation equaktoThis compres-
peratures higher than 0.5 times the homologous tempera-sive deformation is different frora,,, the plastic deforma-
ture, and are therefore considered hot working. Among tion of the first heating cycle. Therefore, subsequent thermal
them are die casting, continuous casting, hot forging and cycles will follow the course B-C-D-E-B [1,2], eventually
extrusion. resulting in thermal fatigue [2]. This process is one of the
During hot working, tools and dies are subjected to ther- main causes of die failure in hot working and is responsible
mal gradients. The core is kept colder than the surface. Heatfor 70% of the failures in die casting [2].
flows from the work material to the die, heating the surface  Thermal fatigue nucleation and growth can be described
during the period when there is contact between them, while by the Coffin-Manson and the Solomon equations, respec-
the entire die cools down during the removal of parts. Ther- tively [3]. These models indicate that the number of cycles
mal gradients lead to dimensional variation which generate to nucleate cracks, as well as their growth, vary exponen-
stress and deformation. tially with the plastic strain amplitude. Malm and Norstrom
Fig. 1 illustrates, schematically, stress-strain cycles dur- analyzed the relationship between plastic strain amplitude
ing hot work. It can be seen from this figure that two elastic during thermal fatigue,ef), and mechanical properties of
deformations are involveds,, the elastic deformation atthe  materials [1]. They found:
maximum temperaturd, ande.;, the elastic deformation at (1-n).0 1l-ny.01
the minimum temperaturd;,. In the first cycle the material e =a(T,—T1) - E T E 1)
is in a stress free condition. During the first heating cycle the 2 !
evolution of stress follows O-A-B. In A the thermally ~wherea is the thermal expansion coefficient,oc andE are
induced stress intercepts the yield limit X temperature the coefficients of Poisson, yield stress and Modulus of
Elasticity, respectively. The indexes 1 and 2 correspond
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COUPON

shower. The temperature at the coupon surface, sensored
by a thermocouple, is monitored by a computer, which is
programmed to control the heating and cooling cycle, either
by temperature or time.

The thermal fatigue coupons were machined out of AISI
H13 tool steel, quenched and tempered to 37 HRC. Four
different conditions were tested (Table 2), one for each hard
film, which were TiN, CrN, a duplex coating of TiN on top
of a nitrided layer and an uncoated sample for control. Prior
to coating, the flat surface of the samples were ground and
polished to different roughness and subsequently cleaned in

— alcohol and acetone. The coatings were done by ion-plating,
Strain and the nitriding by a low pressure process [7], in a Balzers
Fig. 1. Schematic stress_—strain curve due to a thermal gycle between alowpA| 640 R unit. The initial surface roughness of samples
tempera_ture,'l(l) and a high temperatur@). A cross section of a coupon was measured on the flat position of the coupons, along its
sample is also shown. . . .

symmetry axis (parallel) and perpendicular to it (transver-
sal), (see Table 2). The substrates and coatings were exam-
mal fatigue resistant materials should have a low thermal ined by X-ray diffraction, light microscopy (LM) and
expansion coefficient, a low Poisson coefficient and a high scanning electron microscopy (SEM), before and after test-
yield stress to Modulus of Elasticity ratio [4]. Oxidation ing.
resistance [5] and residual compressive stress [6] also con- Each sample was subjected to 500 cycles between 50 and
tribute to raising the thermal fatigue resistance. 720°C. The heating and cooling cycles lasted 6.7 and 3.5 s,
Some properties and characteristics of the hard coatingsrespectively.
TiN and CrN (Table 1), suggest that they may contribute to
raising the thermal fatigue resistance of a typical hot work
steel. The higher chemical inertness of the coatings and the3. Results
high residual compressive stresses, when produced by phy-
sical vapor deposition (PVD), should also help it. The com-  The substrates used had a typical tempered martensite
bination of ion nitriding and hard coating may increase the microstructure. X-ray diffraction of the coatings showed
thermal fatigue resistance even further because it provideshighly textured TiN and CrN with strong (111) orientation
better mechanical support to the hard coating than the toolparallel to the substrate surface, and Ti and Cr, seen as
steel. The nitriding layer also increase the depth of material layers by LM. The nitrided layer presented no iron carbides.
with compression stress[7] and therefore should enhanceWide X-ray diffraction peaks were considered indicative of

Stress

thermal fatigue.

the presence of an amorphous phase, nanocrystals, non-

There are few papers on the thermal fatigue behavior of homogeneous deformation or a combination of all three.
hard coatings. This paper looks into the damage caused byAfter the thermal treatment a phase detected in the uncoated

thermal cycling of AISI H13 hot work tool steel in four
conditions: uncoated, coated with TiN, CrN and duplex
coated (nitriding plus TiN).

2. Experimental procedures

A thermal fatigue testing unit was designed and built
around the concept used by the Uddeholm Tooling Co.
[14]. During each test, a coupon (Fig. 1), is cycled in a
high frequency induction heating position and a water

and CrN coated samples, had X-ray diffraction peaks corre-
sponding to F¢0,, but could not be identified conclusively.
The observation of the tested H13 sample showed a black
layer which would point to oxidation of the steel. The iron
oxide expected to form around 720, the maximum tem-
perature reached during the test, should b®F& herefore,

we concluded that F®, was present in the H13 and H13-
CrN samples. The X-ray results also suggested the presence
of the titanium oxide TiQ in the H13-TiN, but the results
were not conclusive. No other evidences for the presence of
TiO, in the coating were found. In the H13-CrN samples,

Table 1

Properties of ceramic films and other materials [8213]

Property H13 TiN CrN Fe-R Cr Ti
Modulus of elasticity (MPa) 210 (145) 350 (600) 210 248 116
Thermal coefficient (18 K) 12 0.43 1 6.2 8.4
Hardness (HV) 500100) 2000-2600 (1200) 2000-3000 1000

%Properties at 75 given between parenthesilitrided iron.
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Table 2 Table 3
Roughness of testing coupons) X-ray diffraction results of coupons samples, relative to the flat surface,
Material Parallel Transversal before and after thermal cycling
H13 0.02 0.04 Material Before After
o oo - e P, P

I- Xra ’ ) H13-TiN Fe, Tia, TiN Fe, Tia, TiN, Ti®
Duple 0.67 0.92 H13-CrN Fe, Cr, CrN Fe, Cr, CrN, @M,
®TiN on top of nitrided layer. N Fe:0; -

Duplex Fe, Tia, TiN Fe, Ti TiN

CrN, was formed and the CrN X-ray peaks broadening
decreased (Table 3). surfaces were compared under LM. The thermal fatigue
To characterize the thermal fatigue resistance, the sampletests successfully produced cracking with the same charac-

Fig. 2. Light micrograph of flat surfaces of thermal cycled coupon samples, carefully polished. No etching. (a) H13, (b) H13-TiN, (c) H13-CrNexd) Dupl
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teristic pattern of the ‘crazy cracking’ found in hot working

for the CrN coated samples, the coatings presented similar

dies. The uncoated samples showed an oxide layer, whichcracking patterns. Most cracks in the center part of the flat
masked the cracking. A good contrast for crack observation surface were parallel to the sample axis. Two levels of crack

was achieved by carefully polishing the oxide layer away

dimensions, each one with a distinct size distribution were

(Fig. 2a). The coated samples showed no external sign ofpresent. At the SEM, the crack pattern showed up with

oxidation but coating spallation was noticed (Fig. 2). Except

Fig. 3. Light micrograph of flat surfaces of thermal cycled coupon samples,
carefully polished. No etching. (a) SEM: H13-TiN, (b) back scattered

images: H13-CrN, COMPO contrast and (c) secondary electron image:

Duplex.

better resolution (Fig. 3).

The different oxidation resistance of the substrate and the
coatings can be clearly seen in the cross sections (Fig. 4).
First of all, we found no oxide at the surface of the coated
samples. Substrate oxidation was visible only inside the
substrate cracks. The higher the oxide volume the bigger
the coating crack opening was. The oxides branch under-
neath the coating and when this happens, it is likely that a
step is created at the surface. These results suggest that more
cracking leads to more oxidation.

The thermal fatigue resistance was evaluated based on
some crack size and density parameters, defined as:

*  Pmnax the maximum crack depth,

» Y P, the accumulated crack depth,

* Pneg the average crack depth

* p, the number of cracks per unit of length.

The measurement of these parameters was done on cross
sections of the tested samples, along the whole length of the
surface edge, in the two halves. The coupons were cut per-
pendicular to their axis, in the center of the heated zone. The
results are presented in Fig. 5.

4. Discussion

In a forming plant the dies are checked for cracks reach-
ing a certain size and for crack density. There are different
ways to assess this damage and likewise, the thermal fatigue
performance of materials. Malm et al. proposed a method
that requires a comparison between the crack network of the
sample with two sets of reference charts, each rating from 1
to 10 [14]. An evaluation of the cracking pattern is done
with a light microscope. In one chart there is a rating for the
leading cracks, which are the deepest but with a low density.
In the other chart the overall crack network is rated. This
method could have been used (Fig. 2). However, it would be
misleading because the sample cross sections showed that
underneath the coating the substrate crack surface is highly
oxidized. Therefore, the crack opening seen on the coated
sample surface is much smaller than what is seen at the
coating-substrate interface (Fig. 4).

Another possibility to assess thermal fatigue damage is to
measure crack dimension parameters, like, for example,
Pres Y P andPp,, defined above. Similar to the procedure
in a industrial plant, these parameters evaluate the largest
crack as well as the crack network. The parameter that best
indicates performance may vary with application.

Thermal fatigue occurs at the high stress end ofSi
curves, which corresponds to a low cycle fatigue [2]. During
heating the sample surface expands and, due to the interac-
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tion with the cold sample core, it is subjected to plastic Coffin relationship [2]:
compression. During cooling, the elongated surface will

— -3
contract, which generates tensile stress on it (Fig. 1). The Aep =€r Ny 3)
total deformation is given by: whereN; is the life, measured in number of cycles to fail-
Ae=eote, ?) ure, & is the fracture strain and is a constant, called the

fatigue ductility exponent.
However, under a low cycle regime, plastic strain is quan-  The crack densityp, should increase with; [14], i.e.,
titatively more relevant than elastic strain, and the elastic _ .

; . . p—f(Aep/ef) (4)
strain can be neglected for modeling purpose. The strain
amplitude ) number of cycles curve shows the Manson- where Ae,, increases withAT, the temperature variation in

L Ao

¢ L

oy

B) 40um

C) 40 pm D) 40 pm

Fig. 4. Light micrographs of transversal sections of thermal cycled coupons. No etching. (a) H13, (b) H13-TiN, (c) H13-CrN, (d) Duplex.
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the sample surface, and decreases with its hot yield 400 +

X
strength. But the hot yield strength is proportional to the - A
hot hardnessHy;.. Therefore:
] 300 + ¢ .
p=f(AT Huér) (5)
After initiation the fatigue crack grows, with a rate
described by the Solomon equation: 200 a ¢
— n ]
da/dN=A(AK) (6) 00 2 . A
whenAK, the opening mode stress intensity factor, is above
a threshold value. adN is the crack size increment per x
cycle andA is a proportionality constantAK increases 0 t t f t i
with stress amplitude which increases wih. H13 H13-TIN  H13crN DUPLEX

Table 1 indicates the properties of the materials found in
the literature. The hard coatings used are characterized byFig- 5- Thermal fatigue rating results. Y Pmax um), (W) P/10 (um), (@)
hot hardnesses significantly greater than that of the tool stee[**™med &m) and x 16o (cracks/mm).

used, with higher tempering resistance than tool steels [8]. big scatter [14], which can be 200 xm [16]. A correlation

For example, TiN hot hardness is over 5 times higher than petween the thermal fatigue rating aRgl. has been sug-
that of H13. On the other hand; of hard coatings, even  gested, which also indicates a big scatter in the results. For
though unknown, is expected to be much lower than for the example, for a given rankin?max can vary from 200 to
tool steel. However, the fact that the hard coatings used 1000 um [14]. Therefore, even though the cracking para-

come with compression stresses, compensates the lattemeters differ among the tested samples, the observed differ-
drawback. Taking all these facts into consideration one ence can not be considered big.

would expect the coated samples to have a lower crack

density. This was true for the duplex sample but the H13

and the TiN sample had the samewhile the CrN sample 5. Conclusions
had a higher density.

The different roughness values among the samples may The hard coatings used can inhibit thermal fatigue. The
be partially responsible for the different crack density obser- mechanism was not disclosed yet but it is likely to involve
vation. Higher roughness in the transversal direction both delaying crack nucleation and crack growth due to the
increases the likelihood of surface cracks. Another relevant coating high hot hardness and high residual compressive
factor was the annealing and decomposition of CrN, as stress. This effect, combined with the high hardness of the
detected by x-ray diffraction, which decrease the coating coatings which reduces wear, may contribute to die life
hardness. increase in hot work. A nitrided layer between TiN and

During heating, the coatings, which have lower thermal the tool steel may enhance low cycle fatigue resistance
expansion coefficients than tool steels, will expand 10-20 even further.

times less than the substrate. To maintain coating-substrate

continuity, the coated substrate will deform less than the

uncoated one, which will result in a lower stress intensity Acknowledgements
factor and, consequently, a lower crack growth rate.
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