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The Effect of Heat Treatment on Dynamic Strain Aging Behaviour of AISI H10 Hot Work 
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Dynamic strain aging (DSA) behaviour of hot work tool steel (H10) was investigated under as- 
received (AR) and as-quenched (AQ) conditions. Hot tensile test was carried out in the temperatures 
of 25°C-700°C at a strain rate of 1x10-3s-1. The tensile properties indicated that AQ samples showed 
an increase in yield strength (YS) and ultimate tensile strength (UTS) but a decrease in elongation at 
200°C or 300°C consistent with DSA. However, AR samples revealed a decrease in YS and UTS for 
the same testing temperatures. This indicated the presence of less amount of free C or N in solution 
of AR samples. Further increase in the testing temperature has increased the elongation. It is believed 
that DSA occurs in H10 tool steel at different temperatures because of interaction between dislocations 
and interstitial solute atoms (C or N) or substitutional atoms (Cr or Mo).
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1. Introduction

The steels used for hot forming is a special type of tool 
steel, made to withstand a combination of heat, pressure 
and abrasion and has been classified hot work tool steel, 
AISI type H. All hot-work tool steels are used in a quenched 
and tempered condition. The most essential properties for 
these types of steels are high levels of hot strength, ductility, 
toughness, thermal conductivity, creep strength, temper 
resistance and also low thermal expansion1,2. Hot work tool 
steels have alloyed with carbide forming elements such as 
Cr, V and Mo. These elements play an important role when 
the tool steels are subjected to high temperatures, since they 
precipitate as fine alloy carbides, which not only retards the 
softening but also increases the strength3. Hardenability of 
these steels is high and effected by the presence of different 
alloying elements. Forexample, if Mo is present in amounts of 
1 % or greater in the steel, hardenability is strongly effected. 
W contributes little to hardenability. However, V reduces 
hardenability by bonding C in the form of VC. In order to 
obtain secondary hardening during tempering, austenitisation 
should be designed to put higher amount of alloy and C in 
solution as much as possible, while avoiding abnormal grain 
growth and excessive retained austenite. These informations 
are important in designing hot work schedules and heat 
treatments for annealing and hardening4,5.

Hot work tool steels microstructures consist of tempered 
martensite with high dislocation density and precipitates of 
carbide. These steels with high alloy content and dislocation 
density can indicate that DSA may occur in hot work tool steel. 
The elastic interaction between dislocations and interstitial 
atoms/precipitates in the steel causes the dislocations to 

be firmly pinned which can lead to occurrence of strain 
aging (SA)6.

Strain aging is classified as static strain aging (SSA) 
which occurs after plastic deformation of the aging process, 
and DSA which occurs during plastic deformation. The 
SSA leads to the reappearance of the upper yield point and 
the yield point elongation, while the DSA has been shown 
to result in the inhomogeneous deformation characterized 
by serrated flow. However, in both cases flow stress and 
workhardening rate show an increase while a decrease in 
ductility is observed7. DSA may induce negative strain rate 
sensitivity and may even cause flow limitation in cold and 
warm areas during plastic deformation. For this reason, 
effect of the DSA on deformation pattern and mechanical 
properties are important for the correct design of the metal 
forming process8. Several researches have been conducted to 
study the effect of DSA on mechanical properties in various 
engineering alloys.

Literature survey indicated that there are considerable 
information relating to the effect of carbide forming elements 
on high temperatures mechanical properties of hot work tool 
steels. However, it was observed that no extensive investigation 
was done into DSA in hot work tool steel. Therefore, the 
occurrence of DSA and its effects on microstructure and 
strength of H10 hot work tool steel are investigated under 
AR and AQ conditions in the present study.

2. Experimental Procedure

AISI H10 type hot work tool steel was chosen to study 
DSA behaviour in AR and AQ conditions. Table 1 shows 
the chemical composition of steel. In order to prevent 
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precipitations of carbonitrides and increase the amount of 
C and N in solid solution AQ samples were austenitised at 
1050°C for 1 h. and then cooled in water. Austenization 
temperature of 1050°C and time of 1 h. were selected to 
put higher amount of alloy and C in solution which may 
affect the DSA behaviour of investigated steel. Tensile test 
specimens for DSA were manufactured with 30 mm gage 
length and 5 mm diameter as shown in Fig. 1. Tensile tests 
were done using a MTS (100kN Servohydraulic Dynamic 
Tester) at a strain rate of 1x10-3 s-1 for the temperatures of 
25°C to 700°C. After each test, stress and strain diagrams 
were obtained. Values of YS (0.2%), UTS, elongation (%) 
and workhardening rate (δy) were determined.

In the present work, optical microscopy and scanning 
electron microscopy (SEM) equipped by EDS have been 
used to characterise steel microstructure, precipitate 
particles and fracture surfaces for the samples tested in the 
temperature range of 25°C-700°C. In preparing a specimen 
for microscopical examination it was first necessary to 
produce flat and scratch free surface when viewed with a 
microscope. The samples were wet ground by using coarse, 
intermediate and finer grinding on a series of silicon carbide 
papers to 1200 mesh and then polished to a 1 micron finish 
using a diamond abrasive compound in order to remove the 
marks left by grinding. All prepared samples were etched in 
Nital solutioun to reveal the microstructure.

3. Results and Discussion

Fig. 2 reveals the SEM micrographs for the AR samples 
tested at 25°C, 200°C, 400°C and 700°C. As can be seen, 
the steel consistent of ferrite structure with alloy carbides 
which were distributed along the grain boundaries after 
testing at room temperature (Fig 2a). It was observed that 
carbides are distributed more homogenously when the testing 
temperature is increased to 200°C, 400°C or 700°C (Figs. 
2b, 2c and 2d). These carbides have an important role in 
increasing high temperature resistance of steels4. Tool steel 

are usally delivered to the user as soft annealed condition. 
In the soft annealed condition, the carbides are embedded 
in the matrix. Coarser carbides with angular shape and finer 
carbides with spheroid shape existed through the ferrite 
matrix. Fig. 2 also shows EDS analysis with the spectrum 
points 1-5 marked on the microstructure of AR samples tested 
at 400°C. Points 1-3 contains Mo and C, point 4 contains 
Cr and C. The presence of these elements indicates that 
M6C (Mo6C) and M23C6 (Cr23C6) occurred in H10 tool steel 
under AR condition and contributed to high temperature 
resistance between 200-400°C as suggested by Bahrami 
et al.9. Such carbides forming elements may also interfere 
with the interstitial atoms and cause dynamic strain aging.

Fig. 3 reveals the microstructure of AQ samples austenitised 
at 1050°C and then cooled in water. The SEM micrograph 
shows martensite phase with small amount spheroid carbide 
particles which are distributed through the matrix. These 
martensite phase is uniform and exhibited minimal signs of 
alloy segregations due to higher cooling rates. This indicated 
that higher amount of carbon stayed in solid solution of the 
AQ samples. Cooling in water does not allow the precipitation 
of all carbides which indicates the presence of C in solid 
solution, which affects the mechanical properties of steel10. 
Fig. 3 also reveals EDS analysis with the specturum points 
1, 2, 3 and 4 marked on the microstructure of samples tested 
at 400°C. Point 1 contains Fe, C, Mo, point 2 contains Fe, 
C, V but points 3 and 4 contain Fe and C. The presence of 
these elements indicated that small amount spheroid MoC, 
VC and FeC occurred in AQ samples tested at 400°C.

Tables 2 and 3 show hot tensile test results for H10 tool 
steel under AR and AQ conditions, including UTS, YS and 
elongation (%). It is noted that UTS and YS are about 646 
MPa and 451 MPa for AR samples and 2084 MPa and 1676 
MPa for AQ samples respectively. Increasing test temperature 
within the range of 100°C-400°C causes decrease in UTS 
and YS to 522 MPa and 408 MPa for AR and 1687 MPa and 
1335 MPa for AQ samples respectively. Exceeding testing 
temperature of 400°C causes a significand decline. It was 
also observed that as the testing temperature increased to 
400°C a continuous decrease in elongation was noticed. 
Further increase in the testing temperature of 500, 600 or 
700°C has increased the elongation. It can be concluded that 
above 400°C mechanical properties of H10 steel become so 
poor under AR and AQ conditions. The results obtained from 
this study is consistent with the results obtained from Gündüz 
and Cochrane11 who investigated the effect of temperature on 
the UTS of vanadium microalloyed steels under as-received, 
stainless steel cooled and air cooled conditions. They observed 
rapid decrease in strength from room temperature to 100°C 

Table 1. Chemical composition of steel used in research

Elements C Si Mn P S Cr Mo V

Wt% 0.31 0.25 0.30 0.017 <0.001 3.19 2.73 0.5

Figure 1. Tensile test specimen used for hot tensile testing.
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Figure 2. Microstructure of the as-received samples tested at (a) 25°C, (b) 200°C, (c) 400°C (d) 700°C and (e) correspondig EDS of the 
indicated particles in samples tested at 400°C.

then slower decrease corresponding to DSA which persists 
up to 200-400°C because of the interaction between solute 
atoms/precipitate particles and dislocations.

The results also indicated that AQ samples are more 
susceptible to DSA than AR samples. For example, AQ 
samples showed higher values in YS and UTS but lower 
values in elongation (%) compared to the AR samples for all 
testing temperatures of 25-700°C. The changes in mechanical 
properties due to DSA in steel of the present investigation 
are similar to that of plain carbon steel and alloy steel. It 

was shown that higher dislocation density was observed 
in DSA range compared to that at room temperature. The 
major contributions to the higher YS or UTS come from 
the increased workhardening12. In DSA, the diffusion of 
the interstitial atoms to dislocations occurs simultaneously 
with straining. Accordingly, the temperature range of DSA 
is above that of SSA because rapid diffusion of nitrogen 
and carbon is required and this is aided by raising the 
temperature. The result of the interaction between interstitial 
atoms and dislocations includes increased tensile strength, 
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Figure 3. Microstructure of the as-quenched samples tested at (a) 25°C, (b) 200°C, (c) 400°C (d) 700°C and (e) correspondig EDS of the 
indicated particles in samples tested at 400°C.

decreased ductility, increased workhardening rate, and 
the occurence of serrations on the stress-strain curve. The 
increased workhardening rate and increased tensile strength 
are believed to arise from greater than normal dislocation 
densities in steels that exhibit DSA. These high dislocation 
densities are believed to occur because of the pinning, which 
requires that fresh dislocations be formed continually to 
maintain the applied strain rate13.

Fig. 4a shows YS (0.2%) values at different testing 
temperatures for AR and AQ samples. As can be seen, the 
YS continuously decreased with rising in testing temperature 

for AR samples and the rate of fall was lower from 200°C to 
400°C. There was a mild peak at 400°C at the strain rate of 
1x10-3s-1. On the other hand, an increase in YS was observed 
with rising the testing temperature from 25 to 200°C for AQ 
samples and then it continuously decreased with further 
increase in testing temperature for the strain rate of 1x10-3s-1. 
Martensite occured in steel is not stable at room temperature 
because C atoms can diffuse in the martensite lattice at 
these temperatures. This instability increases between room 
temperature and 250°C, when ε-carbide precipitates in the 
martensite. It was indicated that carbide forming elements 
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Table 2. Tensile properties of as-received samples at various 
temperatures

Test 
Temperatures 

(ºC)

Ultimate 
Tensile 

Strenght 
(MPa)

Yield 
Strenght (0.2 

%MPa)

Elongation 
(%)

RT 646 451 24

100 569 426 22

200 548 397 20

300 525 388 20

400 522 408 17

500 468 363 24

600 319 239 44

700 195 132 58

Table 3. Tensile properties of as-quenched samples at various 
temperatures

Test 
Temperatures 

(ºC)

Ultimate 
Tensile 

Strenght 
(MPa)

Yield 
Strenght (0.2 

%MPa)

Elongation 
(%)

RT 2084 1676 8

100 2094 1679 7

200 2130 1701 9

300 1847 1454 7

400 1687 1335 12

500 1488 1246 14

600 1289 1179 13

700 609 561 21

Figure 4. Variation of strength and elongation at different testing 
temperature: (a) yield strength (b) ultimate tensile strength and (c) 
percentage elongation.

such as Cr, Mo, V, W and Ti are present in a steel in sufficient 
concentration their carbides can be formed in preference to 
cementite. However, during the heating of steels, carbides 
don't form until the temperature of 500-600°C, because 
below this, the elements cannot diffuse rapidly to allow the 
nucleation of carbides. Consequently, higher temperatures are 
necessary for the diffusion of the elements before nucleation 
and growth of the carbides14. An increase in strength of 
AQ samples at testing temperatures of 25-200°C is due to 
precipitation hardening of martensite by ε-carbide. Further 
increase in testing temperature decreased the strength of AQ 
samples due to lack of the precipitation of alloy carbides. 
The strength of tool steels is mainly affected by precipitation 
hardening and, to small extent, solid solution hardening15.

The effect of testing temperature on UTS is also presented 
in Fig. 4b for AR and AQ samples. UTS continuously decreased 
with increasing in testing temperature for AR samples from 
25°C to 400°C at the strain rate of 1x10-3s-1. There was flattening 
of the plot in the temperature of 200°C to 400°C at the strain 
rate of 1x10-3s-1. However, AQ samples showed an increase in 
UTS at the temperature of 25-200°C. Further increase in testing 
temperatures continuously decreased UTS. The variation of 
percentage elongation with temperature is shown in Fig. 4c. As 

is seen, elongation of AQ samples showed a decrease in the DSA 
temperature range (200-400°C). This means that the effect of 
DSA is dominant at this temperature range. Gupta et al.16 have 
shown in their study on elevated temperature tensile properties 
of a 3Cr-1Mo steel, that the UTS of specimens increases with 
increasing temperature, reach maximum at about 350°C and then 
decrease with further increase in temperature. Correspondingly, 
the ductility decreases with increasing temperature, reaching 
minimum values at around 350-400°C, and then increases with 
increase in test temperatures. Similar results were also obtained 
by Keller et al.17 who characterized the critical strain rate and 
temperature conditions for DSA in tension for a modified T91 
martensitic steel. DSA appears for temperatures ranging between 
150 and 450°C and all strain rates.
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The tensile properties indicated that AQ samples showed 
an increase in YS and UTS but a decrease in elongation at 
200°C or 300°C consistent with DSA. However, AR samples 
revealed a decrease in YS and UTS for the same testing 
temperatures. This indicated the presence of less amount of 
free C or N in solid solution of AR samples. This is consistent 
with the SEM results which indicated that AR samples contain 
more alloy carbides in ferrite structure. It was shown that 
strength decreased from room temperature to 100°C, and then 
a slower decrease was occured corresponding to DSA from 
carbon which persists up to about 275-300°C. Thereafter, 
small or negligible changes in flow stress are observed18,19.

Stress and strain diagrams of AR and AQ samples tested 
between 25-700°C at a strain rate of 1x10-3 s-1 are shown in 
Figs. 5 and 6. Serrated flow, one of the characteristics of DSA, 
was not observed in AR and AQ samples. The serrated flow 
occurs when the solute atoms move to the dislocations and 
prevent their motion20-22. It is now well accepted that serrated 
yielding exhibited by a material occurs due to interaction 
between diffusing solute atoms and dislocations23. Serrated 
yielding was usually taken as the criterion for the occurrence 
of DSA. However, in some situations, DSA occurs without 
serrated yielding24 and several researchers have looked at this 
DSA which takes place outside the serrated flow regime25,26. 
Also, quantitative evaluation of strain aging tendency of 
materials is difficult by means of serrated yielding tests. 
This is very important when a number of material are to 
be compared. Kishore et al.27 have studied the occurrence 
of serrated stress-strain curves as a function of temperature 

Figure 5. Tensile stress-strain curves of the as-received samples 
tested at different temperatures.

Figure 6. Tensile stress-strain curves of the as-quenched samples 
tested at different temperatures.

and strain rate in 9Cr 1Mo steel susceptible to DSA. Their 
results indicated that, at a given temperature, the presence 
or absence of serrations is governed by strain rate.

In the present study, the workhardening rate (δy) of the 
AR and AQ samples were determined to examine whether 
DSA takes place or not, because generally an increased 
workhardening rate (δy) is a manifestation of DSA. The 
increase in flow stress because of DSA was taken as 
workhardening rate (δy), which is difference between UTS 
and YS (0.2%) as shown in Figure 7. As can be seen from Fig 
7 that workhardening rate (δy) in AQ samples raised rapidly 
with increasing temperature, reaching a peak around 200°C, 
and then decreased with further increase in test temperatures. 
However, the work hardening rate of AR samples showed a 
decrease compared to those in the room temperature testing 
conditions. The results obtained from present work showed 
that the increase in the workhardening magnitude in AQ 
samples is quite large compared to that at room temperature. 
However, workhardening magnitude of AR samples showed 
a decrease relative to that at room temperature. This indicated 
that the degree of DSA in AR samples containing coarser 
carbides with angular shape and finer carbides with spheroid 
shape is much smaller than AQ samples.

Fig. 8 shows SEM fractographs of the AR samples tested at 
25°C, 200°C, 400°C and 700°C. It was observed that samples 
tested at room temperature showed ductile dimple fracture 
mode with well defined microvoid morphology, which is 
associated with the nucleation, growth and coalescence of 
microcavities (Fig. 8a)28. On the other hand, a mixed pattern 
of dimple and cleavage facets is apparent in the sample tested 
at 200°C (Fig. 8b) and 400°C (Fig. 8c). This is consistent 
with the elongation results which showed the lowest value 
after testing at 200°C and 400°C. This is because of the 
interaction between solute atoms/precipitate particles and 
mobile dislocations29. Mukherjee and Sellars30 investigated 
DSA behaviour of Fe-Cr-C steels with tempered martensite 

Figure 7. Workhardening rates (δy) for as-received and as-quenched 
samples.
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Figure 8. Fracture surfaces of as-received samples tested at (a) X 25°C, (b) X 200°C, (c) X 400°C, (d) X 700°C and (e) correspondig 
EDS of the indicated particles in samples tested at 400°C.

in the Cr content of 0.87%-11.7%. They observed that DSA 
occurred as a result of formation of Cr-C complexes, which 
prevented dislocation movement up to 400°C. At 700°C, 
dimple pattern was observed again on the fracture surface 
with increasing elongation (Fig. 8d). Sample tested at 700°C 
also showed some deep large cusps which may be attributed 
to removal of precipitate particles through pulling of under 
heavy tensile loading conditions.

Fig. 9 also reveals the fracture surface of AQ samples 
tested at 25°C, 200°C, 400°C and 700°C. AQ samples tested 
at 25°C, 200°C or 400°C revealed mixed type fracture of 
cleavage facets and dimples (Figs. 9a, 9b and 9c). This is 
consistent with the results obtained by Verma et al.31 who 
observed quasi-cleavage fracture and river patterns at 
room temperature in modified 9Cr-1Mo steel. Clough and 
Soloman32 also observed this type of fracture in 0.31 wt% C 
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Figure 9. Fracture surfaces of as-quenched samples tested at (a) X 25°C, (b) X 200°C, (c) X 400°C, (d) X 700°C and (e) correspondig 
EDS of the indicated particles in samples tested at 25°C.

quenched and tempered martensitic steel at the temperature 
range of 150 to 200°C. On the other hand, ductile dimples 
were found in AQ samples (Fig. 9d) after testing at 700°C 
which led to the increase in elongation and reduction in area. 
Comparing the fracture surface of AR and AQ samples, it 
is clear that AR samples has higher density and depth of 
the dimples compared to the AQ samples for all testing 
temperatures. This gives a reasonable explanation for the 
fact that the AR samples has better elongation than AQ 
samples. Some precipitates in small holes were seen on the 
microfractographs of AR samples (Fig. 8c) and AQ samples 

(Fig. 9a). The EDS analysis showed the presence of complex 
Cr-Mo-C precipitates in both AR and AQ samples.

4. Conclusions

DSA behaviors of H10 tool steel under AR and AQ 
conditions were investigated at a strain rate of 10-3 s-1 for the 
testing temperature of 25-700°C. The following conclusions 
were drawn from the present study.

1.	 DSA and secondary hardening take place in the 
H10 tool steel under AR and AQ conditions which 
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showed an increase in YS and UTS at temperatures 
200°C and 400°C corresponding to DSA region. A 
continuous decrease in elongation was also noticed 
as the testing temperature increased to 400°C It 
can be concluded that above 400°C mechanical 
properties of H10 tool steel become so poor under 
AR and AQ conditions.

2.	 AQ samples are more susceptible to DSA than AR 
samples due to the presence of higher amount of 
C in martensite structure after cooling in water. 
As a result of this, AQ samples showed higher 
values in YS, UTS, but lower values in elongation 
(%) compared to the AR samples for all testing 
temperatures of 25-700°C.

3.	 The increase in the workhardening magnitude in 
AQ samples is quite large compared to that at room 
temperature. However, workhardening magnitude 
of AR samples showed a decrease relative to that 
at room temperature. This indicated that the degree 
of DSA in AR samples containing coarser carbides 
with angular shape and finer carbides with spheroid 
shape is much smaller than AQ samples.

4.	 Comparing the fracture surface of AR and AQ 
samples, it was observed that AR samples has higher 
density and depth of the dimples compared to the AQ 
samples for all testing temperatures. This indicates 
that the AR samples has better elongation than AQ 
samples at testing temperatures of 25-700°C.
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