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Abstract

This study based on dilatometry test and microstructural observations showed a different
phase transformation path during conventional heat treatment of AISI D2 tool stedl instead
of the traditionally expected fully martensitic transformation. Transformation started with
carbide precipitation and continued with allotriomorphic ferrite, Widmanstétten ferrite,
acicular ferrite, and finally bainite formation. This microstructure showed microhardness
value of 730 HV, which isvery high for conventionally cooled samples. They are not
expected to have gone under martensitic transformation. The resultsindicated that bainitic
transformation take place even at temperatures near 173 K and to obtain fully martensitic
microstructure, cooling rates in the range of 50K.smust be utilized.
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Introduction

AISI D2 tool stedl iswidely used in mold making industry and as high speed cutting
tools, where ultra-high strength with high wear resistance and good toughness is required
[1-3]. Conventional heat treatment consisting of austenitizing + cooling to room
temperature + tempering is the principal process used for this aloy. The microstructure of

conventionally heat treated alloy (CHT) is composed of laths of martensite, a variety of
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carbides, and some retained austenite [1-3]. After CHT, AlISI D2 tool steel shows ultrahigh
strength and excellent wear resistance; however it suffers from low toughness in service
[4]. The decomposition of retained austenite to ferrite and cementite during tempering
process (= 773 K has been related to the loss of toughness of thisaloy [4]. Itisaso
generally accepted that martensite start and finish temperatures for A1SI D2 steel are at sub-
zero temperatures [5, 6] and in order to reduce the amount of retained austenite, an
additional step, cryogenic cooling, has been used to insure attaining martensite finish
temperature and therefore to obtain the maximum volume fraction of martensite [4].

Most of the research studies on AISI D2 tool steel have been conducted on the
microstructure after tempering and little attention has been paid to the microstructure of the
as-hardened alloy [4-7]. Moreover, in al the above studies the microstructure before
tempering is considered as fully martensitic with very little or no metallographic supports.
In the present study, dilatometry tests combined with detailed microstructure observations
was carried out and revealed that the microstructure of as hardened (i.e. prior to tempering)
AlISI D2 steel is composed of mainly bainite (B) with partial carbide precipitation (CP),
allotriomorphic ferrite (ATF), Widmanstétten ferrite (WF), and acicular ferrite (AF)
formation. This finding can open a new chapter in hardening process of this alloy and bring
many possibilities for microstructure engineering.

BAHR DIL 805 A/D dilatometer with a’50 nm resolution at high speed cooling rates was
used to carry out the hardening treatment. 0.5 K.s™* and 50 K .swere specifically used in
this study. The first cooling rate was selected in order to simulate cooling rates employed in
conventional hardening heat treatment and the second one was selected fast enough to

insure the occurrence of martensitic transformation. The critical cooling rate to get full
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martensitic microstructure without carbide precipitation during cooling has been reported to
be about 10 K.s™ [8]. In order to pass both martensite start and finish temperatures and also
to follow transformations at sub-zero temperatures, the fina cooling temperature was
selected to be 173 K.
Material and methods

The as-received AlISI D2 sheet’s chemical composition was of (wt pct) C 1.54 - Si 0.33 -
Mn 0.32 - Cr 11.88- M0 0.76 - V 0.75- P 0.008- S 0.008. Samples were cut into 10 mm
height and 4 mm diameter cylinders. They were then heated to 1303 K and maintained for
1200 seconds (20 minutes) following by continuous cooling to 173 K with the two above
mentioned rates. Finally, they were reheated to room temperature at heating rate of 10 K.s™.

In order to avoid any oxidation and decarburization, the heat treatment was conducted in
vacuum environment. Microstructural studies were conducted using NADE NMM-800TRF
optical microscope (OM) and Hitachi-TM 3030 scanning el ectron microscope (SEM), and
an FEI Tecna G2 F20 transmission electron microscope (TEM) operated at 200 kV. An
etchant with the following composition 40 g NaOH+60 g H,O+15 g NaNOsiinitially
proposed by Gouné et al.[9] was modified and successfully used to differentiate bainite
(bright) from non-tempered martensite (dark) and to reveal prior austenite grain boundaries
(PAGBs). Dilatometry results with their first derivative diagrams were anayzed to study
the different phase transformations taking place during cooling. Hardness of the matrix was
estimated using Vickers method using an applied load of 200gf for 15 s. Special care was
taken during hardness measurements to avoid large carbides. The volume fraction of
carbides were calculated using S3600N (Hitachi) conventional SEM and the MIP® image

analysis software [10].



Resultsand discussion

Figure 1a-d shows the microstructure of the sample cooled at 0.5 K.s™. In this figure, part
(a) displays OM image of the microstructure with the bright area representing bainite and
the dark area PAGBs. WF (indicated by the arrow Figure 1b) was found at PAGBs or
developed from any ATF present in the microstructure (indicated by the arrow in Figure 1c)
[11]. On the other hand, as shown in Figure 1d; AF grows directly from the interface of
carbides with austenite. Figure 1e and 1f show OM and SEM images of the fully
martensitic microstructure obtained after a cooling rate of 50 K.s™. No evidence of ATF,
WF, AF, and B and no elemental concentration gradient at grain boundaries were found in
this sample, indicating similar chemical composition with the parent austenite. Figures 2a-b
show TEM micrographs representing bainitic plates including smaller sub-units while
Figures 2c-d depict mixed morphology of laths and plates for martensite.

Phase transformations and their related slope changes with associated first derivative
curve for the two investigated cooling rates are shown in Figures 3 and 4. At 0.5 K.s™
cooling rate (Figure 3a), four distinct regions were determined depending on the
transformation temperatures and slope changes on dilatometry diagrams. Region (1) is
associated with carbide precipitation (CP). Region (2) isrelated to the temperature interval
for ATF and WF formation [12]. Region (3) is associated with AF formation range and
region (4) corresponds to bainitic transformation. The small drop observed around 300K is
due to the introduction of liquid nitrogen in the system in order to cool the sample down to
173K. Detailed examination of the first derivative curve of the dilatometry datafor region

(3) (Figure 3b) showed dlight deviation from linear behavior between 580 K and 510 K and
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Isascribed to AF start and finish temperatures. Using first derivative curve, the bainite start
temperature (Bs (T)) was measured to be 480 K. At 50 K.s™ cooling rate, no trace of
regions 1, 2, 3 and 4 was discerned.

However, splitting phenomenon [13] for martensitic transformation was detected as
shown by dashed circle in Figures 4a-b. Here again, for higher accuracy purposes,
martensite start temperatures (M« 2(T)) were measured using first derivative curve. The
value of Mg (T) was determined to be around 490 K while for M (T) it was found to be
around 450 K. The sudden change in cooling rate drop observed around 300 K is also due
to the introduction of liquid nitrogen in the system.

Hardness measurements of the sample quenched at 0.5 K.s* was indicated a value of
73015 HV while this value was 910+£55 HV for the fully martensitic microstructure. It is
interesting to note 730 HV is very high for conventionally cooled samples without any
martensitic transformation. To better understand this behavior, more in depth
microstructural examination was carried out. Initialy, the size and volume fraction of
carbides were obtained from image analysis of the unetched microstructure with a method
used in reference 14. In fact, etching could cause higher volume fraction measurement due
to the bigger perceptible areafor carbides and lower amount for smaller carbides (as they
may be washed out during the etching process). Figures 5 aand b show the image analysis
results related to the size and volume fraction of carbides after (a) 0.5 K.s™* and (b) 50 K.s™
cooling rates, respectively.

Asillustrated, higher volume fraction of carbides with surface areabelow 1 pm?is
obtained for the sample cooled with conventiona rate but no major differences were found

for larger carbides. The above findings confirm that the observed change in dilatometry
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curve for this sample (region 1 in Figure 3a) correspond to carbide precipitation. The
absence of such change in the dilatometry curve of the samples cooled at 50 K.s* probably
prevents redistribution of carbon atoms during cooling and does not alow for their
clustering and eventually formation of carbides. As aresult, no change is observed in the
slope of the dilatometry curve (Figure 4a-b).

For conventionally cooled sample, the first phase transformation, when cooling from the
austenitizing temperature of 1300 K down to around 960 K, corresponds to the precipitation
of M,C;3 carbides. Thermocalc studies by Bombac et al. [15] have shown that this range
corresponds to carbides formation only. Further cooling to eutectoid temperature initiates
the formation of a small amount of ATF at grain boundaries as aresult of austenite
decomposition by diffusion controlled processes [16-18]. It has been reported that the
interface between the newly formed ATF and austenite can be inert or active and that WF
and B can form only at the interface when the latter is active [19]. Therefore, the presence
of WF and B at the interface of the ATF and austenite boundary found in the present
investigation confirms that the boundary is active [18]. It must be noted that, WF forms at
higher temperatures compared to B [12]. The analysis of the AF characteristics reveaed
that this phase nucleates mostly on M7C3 and M»3Cg carbides. These two carbides are the
most ones present in AISI D2 steel (Figure 1d) [20, 21].

Finally, after partial formation of acicular ferrite, the remained austenite undergoes
bainitic transformation. No sign of double deviation from linear behavior [13] that would
show the activation of martensitic transformation after bainitic transformation was found in
dilatometry diagram of conventionally cooled sample. Therefore the transformation path

for AISI D2 steel is more of bainitic type with carbide precipitation instead of afully
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martensitic structure. It must be noted that AF has more importance than B as it directly
contributes to the toughness and strength of the alloy. As aresult, the formation of AF on
carbides must be taken into consideration during heat treating of AISI D2 steel. As
indicated by dilatometry results (Figure 3a), decreasing the temperature down to 173K
showed that the bainitic transformation still goes on. Thus cooling until room temperature
IS not enough to obtain martensitic or fully bainitic microstructures and retained austenite
will be present in the microstructure after cooling. This austenite can decompose to ferrite
and cementite during subsequent high temperature tempering and cause embrittleness.
Conclusions

Dilatometry results coupled with microstructural investigations showed an alternative phase
transformation path during conventional heat treatment of AISI D2 tool steel. Instead of
traditionally believed martensitic transformation, the obtained microstructure was
composed of higher volume fraction of carbides with areabelow 1um?, allotriomorphic
ferrite, Widmanstétten ferrite, acicular ferrite, and mostly bainite. Also, it was found that
for the investigated D2 steel cooling to room temperature is not enough to obtain fully
martensitic or bainitic microstructures and retained austenite will be present in the

microstructure after cooling.
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Figures captions

Fig.1. Influence of cooling rate on the resulted microstructure (a: optical image) and (b to d: SEM
micrographs): cooling rate 0.5 K.s* (e to f): cooling rate 50 K.s® , observation of carbides (C),
alotriomorphic ferrite (ATF), Widmanstétten ferrite (WF), Acicular ferrite (AF), and Bainite (B) during low
cooling rate (a-d) and observation of C and martensite (M) for high cooling rate conditions (e: optical image,

f: SEM micorgraph).

Fig.2. (@) and (b) Bright and dark field TEM micrograph showing bainite plate consisted of much smaller
subunits after cooling at a rate of 0.5 K.s*, (c) and (d): Bright and dark field TEM micrographs from

martensitic microstructure showing mixed laths and plates of martensite after cooling at arate of 50 K.s™.

Fig.3. (a) Dilatometric curve of alloy during cooling at rate of 0.5 K.s™ with determination of different phase
transformation ranges (b) Changesin dilatational strain (balck curve) between 400 K and 600 K from part (a)
and its temperature derivative (d (AL/Ly)/dT (green curve) revealing AF formation region before start of
bainitic transformation. (Symbol description: (CP): Carbides precipitation, ( ATF): allotriomorphic ferrite,
(WF): Widmanstétten ferrite, (AF): Acicular ferrite, and (B): Bainite)

Fig.4. (a) Dilatometric curve of aloy during cooling at rate of 50 K.s* depicting the start of martensitic
transformation, (b) Changes in dilatational strain (balck curve) between 420 K and 580 K from part (a) and
its temperature derivative (d (AL/L)/dT (green curve) to determine Mg (T) and Mg (T). (Symbol M denotes

martensite)

Fig.5. Effect of two applied cooling rates on the volume fraction of carbides with average area below 1 pm?

in the microstructure after (a): cooling rate 0.5 K.s™ and (b): cooling rate 50 K.s ™.
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(d) ®
Fig.1. Influence of cooling rate on the resulted microstcuture (a: optical image) and (b to d: SEM

micrographs): cooling rate 0.5 K.s™ (e to f): cooling rate 50 K.s™ , observation of carbides (C),
allotriomorphic ferrite (ATF), Widmanstatten ferrite (WF), Acicular ferrite (AF), and Bainite (B)
during low cooling rate (a-d) and observation of C and martensite (M) for high cooling rate
conditions (e: optical image, f: SEM micorgraph).
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()
Fig.2. (a) and (b) Bright and dark field TEM micrograph showing bainite plate consisted of much smaller

subunits after cooling at a rate of 0.5 K.s™, (c) and (d): Bright and dark field TEM micrographs from

martensitic microstructure showing mixed laths and plates of martensite after cooling at a rate of 50 K.s™.
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Fig.3. (a) Dilatometric curve of alloy during cooling at rate of 0.5 K.s™ with determination of
different phase transformation ranges (b) Changes in dilatational strain (balck curve) between 400 K
and 600 K from part (a) and its temperature derivative (d (AL/Lo)/dT (green curve) revealing AF
formation region before start of bainitic transformation. (Symbol description: (CP): Carbides
precipitation, ( ATF): allotriomorphic ferrite, (WF): Widmanstatten ferrite, (AF): Acicular ferrite ,
and (B): Bainite)
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Fig.4. (a) Dilatometric curve of alloy during cooling at rate of 50 K.s™ depicting the start of martensitic
transformation, (b) Changes in dilatational strain (balck curve) between 420 K and 580 K from part (a)
and its temperature derivative (d (AL/Lo)/dT (green curve) to determine Mg (T) and Mg, (T). (Symbol M

denotes martensite)
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Fig.5. Effect of two applied cooling rates on the volume fraction of carbides with average area below 1
pm? in the microstructure after (a): cooling rate 0.5 K.s™and (b): cooling rate 50 K.s™.
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